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ABSTRACT OF DISSERTATION

MICROSTRUCTURE AND WORK FUNCTION OF DISPENSER CATHODE COATINGS: EFFECTS
ON THERMIONIC EMISSION
Dispenser cathodes emit electrons through thermionic emission and are a
critical component of space-based and telecommunication devices. The emission of
electrons is enhanced when coated with a refractory metal such as osmium (Os),
osmium-ruthenium (Os-Ru), or iridium (Ir). In this work the microstructure,
thermionic emission, and work function of thin film Os-Ru coatings were studied in
order to relate microstructural properties and thermionic emission.
Os-Ru thin film coatings were prepared through magnetron sputtering and
substrate biasing to produce films with an array of preferred orientations, or texture.
The effect of texture on thermionic emission was studied in detail through closelyspaced diode testing, SEM imaging, and x-ray diffraction. Results indicated that there
was a strong correlation with emission behavior and specific preferred orientations.
An ultra-high vacuum compatible Kelvin Probe was used to measure the work
function of W-Os-Ru ternary alloy films to determine the effect W interdiffusion has
on work function. The results indicated that a high work function alloy coating
corresponded to low work function cathodes, as expected. It was inferred that a high
work function alloy coating results in a low work function cathode because it aligns
more closely with ionization energy of Ba. The results also proved that this method of
evaluating dispenser cathode coatings can distinguish small variations in
microstructure and composition and may be a beneficial tool in the development of
improved dispenser cathode coatings.
A novel experimental apparatus was constructed to measure the work
function of dispenser cathode coatings in-vacuo using the ultra-high vacuum Kelvin
Probe. The apparatus is capable of activating cathodes at high temperature and
measuring the work function at elevated temperature. The design of this apparatus
allows for more rapid evaluation of dispenser cathode coatings.
KEYWORDS: Osmium Ruthenium, Thin Films, Microstructure, Work Function,
Dispenser Cathode
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Chapter 1:
Introduction
This dissertation focused on the characterization of osmium-ruthenium (Os-

Ru) thin films. Os-Ru thin films are used as coatings on dispenser cathodes and
function to improve thermionic emission. In order to gain a better understanding of
the role Os-Ru coatings play in thermionic emission, the microstructure, morphology,

composition, and work function of Os-Ru thin films were studied. These results were
then correlated with emission properties and characteristics in an effort to extract

fundamental relationships.
1.1

Historical Context

The early part of the 20th century saw the beginnings of the vacuum tube

industry. Edison’s incandescent light bulb was a significant factor in the development

of this industry. Vacuum tubes, much like incandescent bulbs, operate by heating a
tungsten filament, or cathode, which then emits electrons that flow to an anode and

are collected. The process of electron emission from a hot body was discovered by

Frederick Guthrie in 1873 and later deemed thermionic emission by Owen
Richardson [1-4]. Thermionic emission was “rediscovered” by Edison when he was

trying to comprehend the source of black films coating the inside of his bulbs. He

found that during operation of the bulb, a current developed in a metal plate inserted

in the bulb only when the plate was positively charged. Of course, the current was due
to the emission of electrons from the filament and their subsequent attraction to the

positively charged plate. At the time, the existence of electrons as particles had not
1

yet been discovered and this curious phenomenon was dubbed the “Edison Effect”

(sometimes incorrectly used to describe thermionic emission itself). The Edison
Effect formed the foundation for the use of vacuum tubes as rectifiers, amplifiers and
switching in electronic signal processing.

After vacuum tube devices became established, much attention was paid to

improving the cathode so that higher current densities and longer life could be

achieved. The first major improvement to the tungsten (W) cathode design was the

addition of a metal oxide coating, yielding the so-called oxide cathode [5]. The oxide

cathode consisted of low work function alkali metal carbonate (BaCO3, CaCO3, or
SrCO3) coatings on W or nickel (Ni) substrates [5]. The metal carbonate would

transform to an oxide upon heating, releasing CO2. Oxide cathodes had to undergo a
degassing phase before operation in order to drive off the CO2 evolved during heating

of the cathode. The oxide cathode was limited in performance by both its design and

the materials. The oxide coating eventually evaporated during operation and the
work function enhancing property disappeared with it. Furthermore, the melting
point of nickel did not allow for greater heating to attain greater current densities.

These obstacles led to the development and transition to dispenser cathodes;

the first step of which was placing the (BaCaSr)CO3 compound behind a porous
tungsten pellet. Actually, the first report of a dispenser cathode was by Hull in 1939

who used BaO-Al2O3 granules held inside a net of Mo wires [6]. However, the first

commercially available dispenser cathode was not available until the 1950’s. This was

developed by Lemmens, et al. at Philips and termed the “L” cathode after Lemmens

[7]. The L-cathode allowed for a greater supply of barium to be held and dispensed
2

over time to the surface of the cathode, greatly improving the life of the cathode.

Further development of dispenser cathodes involved varying the barium compound

chemistry and eventually embedding the compound within the porous tungsten
pellet. The embedded barium compound, “impregnate”, eliminated problems with

creating a leak free seal between the cavity of barium and the porous tungsten pellet
[8]. Impregnated, porous W dispenser cathodes were a natural progression from the
L-type dispenser cathodes and led to lower operating temperatures and longer lives

[9]. Impregnated porous W dispenser cathodes are known as B-type cathodes.

The next major step in the development of dispenser cathodes came when

Zalm et al. at Philips Laboratories in Eindhoven, Netherlands coated a dispenser

cathode with osmium (Os) [10]. They discovered that an Os coated cathode
performed significantly better than its uncoated counterpart. Zalm et al. tried other
coatings including iridium (Ir), ruthenium (Ru), and rhenium (Re), but found that Os

gave the greatest increase in performance. The increase in performance was

attributed to the “anomalous effect” of coating tungsten with a material which has a
higher work function than tungsten. In doing so, the overall work function of the
system decreased rather than increased, as might be expected. They also claimed that

the greater the difference in work functions, the greater the effect would be. This
discovery led to an effort to coat dispenser cathodes with the highest work function

material possible. However, nothing was found to work better than Os (although
some materials were found to rival osmium).

Os was alloyed with Ru to address safety concerns in the manufacture of Os

coated dispenser cathodes. Os readily forms highly toxic osmium tetroxide (OsO4)
3

and therefore must be handled and used very carefully. Alloying Os with Ru mitigated

this problem while maintaining the beneficial properties seen by Os coatings.
Cathodes coated with an OsRu film are termed “M-type” dispenser cathodes. The M-

type cathode is still one of the most common types of dispenser cathodes used. There
are other types of cathodes that developed after the M-type, such as the controlled
porosity dispenser cathode and the scandate cathode, but there is still much to
understand about the M-type cathode.
1.2

Current Study

The current study is a continuation of work started by Wen-Chung Li [11]. Li

was able to show that the microstructure of Os-Ru thin films could be controlled

through substrate biasing during DC magnetron sputter deposition. He elucidated

unique microstructural features in films that occurred with specific deposition
parameters. Li provided ideas about what microstructures had potential for

improving electron emission, but stopped short of any experimental exploration of
the matter. Very few studies have focused on how the microstructure of dispenser

cathode coatings relate to thermionic emission and most of them are related to the

porous substrate rather than the film itself [12-18]. The work of Li set the stage to fill

this knowledge gap and the influence Os-Ru coating microstructure may have on

thermionic emission was a major part of this study.

While the microstructure of Os-Ru may be an important factor to thermionic

emission, it has long been known that the composition of the Os-Ru coating can lead

to differences in thermionic emission. In order to paint a more comprehensive
4

picture, the composition of Os-Ru coatings was studied alongside microstructure in
order to explore relationships with work function and electron emission.

In addition to microstructure and composition, the morphology of Os-Ru

coatings could have an effect on electron emission. The morphology of the dispenser

cathode coatings as it relates to electron emission has not been studied. Engineered

morphologies could provide a path to increasing current density. For example, highly
curved surfaces in the presence of an electric field experience a much larger field than
a flat surface in the same field. Therefore, tailoring the coating structure to include

highly curved features was explored as an avenue to increase emission from
dispenser cathodes. Furthermore, increasing the surface area of the film by creating

an open, porous structure rather than a dense film could allow for a greater current
density by exposing a larger area of the film.

At the beginning of the study, the experimental apparatuses for measuring key

aspects of thermionic emission were financially costly to use and only allowed for
limited sample throughput. In an effort to create a more financially feasible and

higher throughput method to explore the fundamentals of dispenser cathode

coatings, a home-built experimental apparatus was constructed to measure work
function with the capability to heat samples to temperatures up to and surpassing
1200°C.

The results of this study provide an improved understanding of mechanisms

driving the emission enhancement of dispenser cathodes through the application of

an Os-Ru coating.

5

1.3

Outline of Dissertation
The following is a brief outline for the work that is described in this

dissertation. References for each chapter will be listed at the end of the dissertation.

Chapter 2 will introduce the dissertation topic and provide an overview of the

background material necessary to understand the concepts and theory that is

discussed throughout the dissertation. Chapter 2 will also discuss the motivation for
the work to be presented.

Chapter 3 describes the details of the experiments that were performed. The

specific equipment, experimental parameters and unique methods are described. A
more detailed description of the theory behind each method will also be given.

Chapters 4-7 discuss the major studies related to this dissertation. Chapter 4

details the methods and techniques to fabricate a nanoporous Os-Ru microstructure.

Chapter 5 describes how the microstructure of Os-Ru thin films on dispenser
cathodes relates to the thermionic emission of electrons from the cathodes. Chapter

6 presents key findings about the work function and composition relationship in Os-

Ru-W ternary alloys and points to a possible explanation for the “anomalous effect”.
Chapter 7 discusses a novel experimental apparatus and measurements related to the
in-vacuo work function measurement of activated dispenser cathodes.

Chapter 8 provides some concluding remarks and gives recommendations for

future work.

6

Chapter 2:
Background
This chapter introduces and describes basic concepts used in this work. The

information presented here will aid in the understanding of subsequent chapters as

well as provide general background on topics such as thermionic emission, work
function, and research leading up to the current study.
2.1

Applications of Dispenser Cathodes

Perhaps the most well-known application for dispenser cathodes is their use

in cathode ray tube (CRT) displays for televisions. A cathode ray tube uses a dispenser

cathode to produce the beam of electrons that raster across a fluorescent screen. The

popularity of LCD and other display technologies have largely erased the CRT
television and the use of dispenser cathodes in the consumer market. However, there
is still considerable demand for dispenser cathodes in industrial and military
applications that require high current densities.

Modern dispenser cathodes are most widely used in telecommunications,

space, and military devices. The dispenser cathode is a critical part of electron guns
used in linear beam vacuum tubes that amplify electromagnetic signals or generate

electromagnetic waves. A traveling wave-tube amplifier (TWTA) is one example of a

linear beam vacuum tube that amplifies radio frequency microwave signals. A TWTA

uses the stream of electrons generated by a dispenser cathode to interact with radio
frequency (RF) electromagnetic signals in such a way that the signal is amplified. A

schematic of a TWTA is shown in Figure 2.1. Dispenser cathodes are also used in
7

Figure 2.1

Schematic of a helix TWTA used circa 1950. The schematic shows the
cathode positioned at the gun anode. The RF signal to be amplified
enters the TWTA at the input and follows the helix. The electron beam,
generated by the cathode, flows through the middle of the helix,
interacts with the RF signal, and is then collected at the collector. The
amplified RF signal leaves the helix at the output.

gyrotrons, another type of linear beam vacuum tube, to generate millimeter-wave

electromagnetic signals.
2.2

Motivation

Dispenser cathodes must operate in demanding conditions, being able to

withstand ultra-high vacuum, high service temperatures, and large current densities.

In addition, the cathodes must be extremely robust as they are required to be highly

reliable and must operate for thousands – even hundreds of thousands – of hours. The
same conditions apply to the thin film coatings of M-type cathodes.

The operating conditions result in significant changes to the film both

chemically and structurally. Evidence suggests that the changes that occur during
initial operation and continued use lead to an emission enhancement seen early in life
and the subsequent loss of emission enhancement at the end of life [19-23].
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The chemical changes that occur in the film have been widely studied [19, 20,

23-32]. The chemical composition is tracked, usually by Auger spectroscopy, over the

course of activation and operation. Activation is the process of heating a cathode to a
temperature sufficient to cause Ba from the impregnate to diffuse to the surface and

form a monolayer. It is generally agreed upon that diffusion of W into the Os-Ru

coating results in improved thermionic emission. However, the amount of W content

in the film that yields the most improvement is not universally agreed upon. Green et

al. claimed that a W concentration of 65 at. % (corresponding to the σ-phase) resulted

in the reduced effective work function of W-Os coated cathodes [23]. However, those
results were in direct conflict with those of Van Stratum and Kuin who tracked the
composition of W-Os coated cathodes during operation [32]. They found a direct

correlation of decreased current density with the formation of an OsW2 alloy; a

composition found for σ-phase alloys. Aida, et al., also showed that the emission

current of Os coated cathodes decreases upon formation of the OsW2 σ-phase.

However, an explanation was lacking for why the σ-phase formation caused emission
to decrease [33].

Other work on M-type cathodes has focused on alloys other than Os-Ru and Ir.

Fang, et al., have studied Re-W and Re-Ir-W alloys as well as platinum (Pt) and
niobium (Nb) coatings. Those studies, again, focused mainly on the chemical nature

of the surface and on the Ba/BaO coverage. An important result from their work was

that the Ba/BaO coverage on the surface is less important than the Ba/BaO-substrate

interaction for reducing the cathode work function [25, 34, 35]. On the other hand,
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for B-type cathodes, the surface coverage has been shown to be the critical factor for

work function reduction [36].

The microstructure of Os-Ru coatings has not been studied in-depth as it

relates to thermionic emission. Most studies relating to microstructure focus on the

porous W, a bulk mixed metal substrate of W and another transition metal, or a WSc2O3 substrate [12, 15, 16, 37]. Other studies have reported on the microstructures

of Os-Ru, or other transition metal, thin film coatings as they relate to thermionic
emission, but details regarding crystal structure are minimal [19, 23, 38].

The work function is an important parameter for dispenser cathode operation

because it indicates how efficiently a cathode will operate. In order to achieve a given
current density, a cathode with a low work function is able to do so at a lower
temperature than a cathode with a high work function.

The motivation for this work is to understand the relationship between the

microstructural evolution of Os-Ru thin film coatings and thermionic emission. The

current level of knowledge about Os-Ru coatings is not developed enough to create a

definitive picture of what happens at the Ba-O/Os-Ru/W interfaces. The observed

emission enhancement early in life as well as the degradation of emission are not

adequately explained. Understanding how the microstructure relates to thermionic

emission as the cathode ages will fill a gap in the current knowledge base and allow

for a better understanding of dispenser cathodes in general. This knowledge could

then be applied to create more efficient cathodes and reach new levels of life
expectancy.
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2.3

Dispenser Cathodes
A dispenser cathode is a device that emits a stream of electrons through

thermionic emission. A schematic of a generic dispenser cathode is given in Figure
2.2. The general features of dispenser cathodes, including manufacturing methods
and operation, are well reviewed by Cronin and Tuck where much of the information

in the following discussion is based [21, 31].

The main components are a porous W plug impregnated with a compound to

enhance electron emission, a molybdenum body that contains the heating element,

and a ceramic filler to electrically isolate the heating element and provide a thermal
conduction path to the W plug. The porous W plug is typically near 80% dense and
made by sintering W powder. The pores are then impregnated with a Ba compound

of the form x∙Ba-y∙Ca-z∙(Al2O3) and is made in various ratios of x:y:z (e.g. 4:1:1, 5:3:2,

or 6:1:2). The impregnate material lies within the pores of the W plug and, upon

a

c

d

Figure 2.2

b

Schematic diagram of a dispenser cathode showing (a) the porous W
pellet, (b) heating element, (c) ceramic insulation, and (d) Mo-Re body.
The ceramic insulation is used to electrically isolate the heating
element from the rest of the cathode and to provide a thermal
conduction path from the heating element to the W cathode.
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heating, undergoes a chemical reaction allowing Ba to diffuse to the surface of the W
plug over time. A monolayer of Ba at the surface of the cathode is critical to the
cathode’s ability to emit electrons at relatively low temperatures (when compared to

thermionic emission from pure W). However, the operating temperature is high
enough that Ba will eventually desorb from the surface. Therefore, it is essential that
the cathode is able to constantly supply, or “dispense”, Ba to the surface in order to
maintain its emissive properties.

Dispenser cathodes, as described above, are generally referred to as either B-

type or S-type, depending on the impregnant ratio (5:3:2 and 4:1:1 respectively).
There are, however, several variations of the B-type or S-type cathode. One such

variation comes in the form of a refractory metal coating applied to the surface of the

W plug. The coating material varies, but the most common coatings are those of Os,
an Os-Ru alloy, and Ir. A coated dispenser cathode is generally referred to as an M-

type cathode.

Other variations to the B-type and S-type cathodes include modification of the

W plug. In one such variation, the plug is composed of a mix of W and another
refractory metal, usually Ir. This type of cathode is referred to as a mixed metal

cathode, or MM-type. Another variation includes a controlled distribution of the pores

in the W plug. This is done either by laser drilling an array of holes in a W pellet or by
using a wire sintering technique where the pore size and density is related to the wire
diameter used for sintering.

Most recently, researchers are looking for ways to incorporate Sc2O3.

Dispenser cathodes incorporating Sc2O3 are generally referred to as Scandate
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cathodes, although there is significant variation in how Sc2O3 is incorporated into the
cathode. Some scandate cathodes incorporate Sc2O3 into the impregnate material

while others are putting it directly in the W substrate through incorporation of
Scandia powder with W powder before sintering. Still others have applied a Scandia

coating to the W substrate. The driving force behind the development of scandate
cathodes are many reports showing that significantly higher current density is

achievable [18, 21, 38-41]. However, Scandate cathodes have yet to become
commonplace commercially due to their inconsistent performance [37, 38].
2.4

Thermionic Emission

Thermionic emission is a term used to describe the emission of electrons from

a hot body. For a given material, there is a temperature at which the electrons within
that material have enough kinetic energy to overcome the potential barrier keeping

them confined to the material. This is in contrast to photo emission where the

electrons in a material gain sufficient energy to overcome the potential barrier from
incident light (the photoelectric effect). Thermionic emission of electrons consists of
two modes of emission: temperature limited and space-charge limited.
2.4.1 Temperature Limited Emission

Temperature limited emission refers to the thermionic emission of electrons

limited only by temperature. That is, the current derived from the cathode will

increase with an increase in temperature and is only limited by the temperature of
the cathode. The Richardson-Dushman equation describes the temperature limited
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current density of a thermionic emitter:

Φ

𝐽𝐽 = 𝐴𝐴𝑇𝑇 2 𝑒𝑒 �−kT�

(1)

where J is current density, A is the Richardson constant with a theoretical value of

120 A/cm2, T is temperature, Φ is the work function, and k is the Boltzmann constant

[1, 42]. Equation (1) assumes that the energy of electrons in the material follows a

Fermi distribution.

2.4.2 Space-Charge Limited Emission
The term space-charge is used to describe the electric charge distributed over

an area or volume, rather than a discrete point. Thermionically emitted electrons are
distributed over the space between the cathode and anode, and that space can be

treated as having a charge. Temperature limited emission only spans a finite range of
temperatures. At very high temperatures the emission current will level off and will

no longer increase with temperature. This happens when the space-charge is large
enough to repel additional electrons back to the cathode. At this point, the only way

to increase current at the anode is to apply a potential, and the current is then a

function of the applied potential. Therefore, emission of this type is called spacecharge limited emission.

Space-charge limited emission is described by Child’s Law:
3/2

3/2

4𝜖𝜖𝑜𝑜 2𝑒𝑒 𝑉𝑉𝑎𝑎
𝑉𝑉
𝐽𝐽 =
�
≈ 2.33 × 10−6 𝑎𝑎 2
2
9 𝑚𝑚𝑒𝑒 𝑑𝑑
𝑑𝑑

(2)

Where J is the current density, 𝜖𝜖o is the permittivity of free space, e is the charge of an

electron, me is the mass of an electron, Va is the anode voltage, and d is the spacing
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between the anode and cathode[43]. Child’s law is often referred to as the “three-

halves power law” due to the proportionality of the current density to the anode
voltage raised to the three-halves.

2.4.3 Temperature Limited to Space-Charge Limited Transition
The transition from temperature limited to space-charge limited emission

should ideally be rather sharp and abrupt. However, there is typically a range of

temperatures over which the transition takes place. The transition region is

important to consider when analyzing current density versus temperature plots as it
provides insight into the emission characteristics of the cathode. For example, the

emission uniformity can be inferred based on the shape of the transition region [44].

The so-called “knee temperature,” Tknee, is a parameter used in emission testing that

serves as an evaluation metric to compare cathodes. The knee temperature is taken

from current density versus temperature plots; and it is the intersection of a line

fitted to the linear portion of the temperature limited region and a line fitted to the
space-charge limited region.
2.5

Work Function

The work function, in terms of an electronic band structure, is defined as the

energy required for an electron to move from the Fermi level to the vacuum level. The
Fermi level is derived from the point of view that the electrons in a solid can only

occupy specific energy states. The Fermi-Dirac distribution, equation (3), describes

the probability that an electron possesses an energy state, 𝜖𝜖.
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𝑓𝑓 (𝜖𝜖 ) =

1

𝑒𝑒 (𝜖𝜖−𝜇𝜇)/𝑘𝑘𝑘𝑘

+1

(3)

Where 𝜖𝜖 is an energy state, 𝜇𝜇 is the electrochemical potential for electrons (also

referred to as the Fermi level, Ef ), k is Boltzmann’s constant, and T is absolute
temperature. Assuming this distribution, the Fermi level is the energy state that has

a 50% chance of being occupied at any given time. It is helpful to visualize the band
structure with a band diagram, an example of which is shown in Figure 2.3.

The work function in Figure 2.3 is a simplified version of the work function.

For real materials, there is an electrostatic potential at the surface which must also

be overcome. This is an important point and will be discussed in the chapters that
follow. The actual work function is therefore defined as:
Φ = −𝑒𝑒𝑒𝑒 − 𝐸𝐸𝑓𝑓

(4)

Where 𝛷𝛷 is the work function, e is the charge of an electron, ϕ is the electrostatic
potential at the surface, and Ef the Fermi level.

Figure 2.3

Energy band diagram showing the Fermi distribution of electrons in a
hypothetical solid at a finite temperature. The Fermi level is labeled as
Ef and the work function is shown as 𝛷𝛷.
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2.6

Measuring Work Function
There are a number of ways that the work function can be measured and they

generally fall into one of two categories: direct or indirect. An example of a direct

method is to use the photoelectric effect and a variable energy light source. When high
energy light is directed at a material photoelectrons will be ejected if the light energy

is greater than the work function of the material. Using a variable energy light source

and an anode to collect the electrons, the work function can be determined by
adjusting the energy of the light until a current can be detected. At that point,

electrons will have gained enough kinetic energy from absorbing photons to
overcome the work function. The kinetic energy of the emitted electrons will then be
equal to the energy of the incident light minus the work function.

An indirect method of measuring work function is to measure the contact

potential difference between two materials. When two dissimilar materials come into

electrical contact with one another, their Fermi levels will align. The difference in the

work functions causes electrons to flow from the low work function material to the
high work function material. If the materials are configured in a circuit with a parallel
plate capacitor, then equal and opposite charges will develop on the plates exactly
equal to the difference between the work functions. If an external voltage is applied
to the capacitor, the charge created by the work function difference will disappear

when the external voltage equals the contact potential difference. Using this method,

the work function of a material can be determined as long as the work function of one

of the materials is known [45]. The method of measuring the contact potential
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difference to determine the work function is often called the Kelvin method and is
described in more detail in section 3.4.

Work function can also be measured from thermionic emission. While this

method theoretically probes the work function directly, there are issues that

complicate the matter. As described in section 2.4, thermionic emission can be

described by equations (1) and (2). A thermionic emission test typically involves
heating the cathode to very high temperatures and applying a voltage to an anode to
collect the emitted electrons. By monitoring a cathode’s temperature (usually with an

optical pyrometer) and recording the current collected and voltage applied at an
anode, the work function can be determined.

The simplest method of extracting the work function from the data is to take a

point in the temperature limited region and use that current density and temperature

in equation (1). Assuming a Richardson constant of 120 A/(cm2 K2) and solving for Φ

yields the work function. The work function as determined in this manner, using the

current density at Tknee, is called the effective work function. The term effective work
function is used because it does not account for the influence of the electric field on

the work function. Furthermore, Tknee is in a transition region where the emission is

a convolution of both temperature and space-charge limited emission. The
Richardson constant is also assumed to be the theoretical value of 120 A/(cm2 K2);
which, in practice, is rarely found to be the case.

A more complicated method involves the construction of two plots and using

extrapolation and line fitting to determine the work function. First, a Schottky plot is

constructed to extrapolate the current density to a zero-field current density. Using
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the zero-field current densities and their associated temperatures, a Richardson plot

is constructed where the work function can be determined from the slope of the best
fit line. The construction of both plots are described in more detailed below.
2.6.1 Schottky Plot

If a voltage is applied to the anode used to collect thermally emitted electrons,

the resultant electric field lowers the barrier for emission. The lowering of the

potential barrier to emission is called the Schottky effect. At small voltages the electric

field is not enough to induce pure field emission, but is enough to lower the barrier
for thermal emission. The result is seen as a slight deviation from equation (1). A

modified Richardson equation accounts for the deviation in current density as a result
of the applied voltage:
𝐽𝐽 = 𝐴𝐴𝑇𝑇 2 exp �

−1
𝑒𝑒𝑒𝑒
1 −Φ
𝑉𝑉
�Φ − �
�� ≈ 𝐴𝐴𝑇𝑇 2 exp � �
+ 4.4�
��
𝑘𝑘𝑘𝑘
4𝜋𝜋𝜖𝜖𝑜𝑜
𝑇𝑇 𝑘𝑘
𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒

(5)

Where V is the anode voltage and deff is the effective anode-cathode spacing, which
can be difficult to determine precisely as it is related to the shape of the emitting

surface and varies with temperature due to thermal expansion of both anode and

cathode. Nonetheless, the deviation from the Richardson equation is proportional to
𝑉𝑉 1/2 as evident from equation (5).

A Schottky plot is simply a plot of ln(𝐽𝐽) versus 𝑉𝑉 1/2 at various temperatures.

These plots are used to determine the zero-field current density, 𝐽𝐽𝑂𝑂 , by extrapolating

from the saturated region (the linear portion of the plot corresponding to
temperature limited emission) to 0 applied voltage [46]. A hypothetical Schottky plot
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is shown in Figure 2.4 with the relevant components labeled. The zero-field current
densities and their associated temperatures can now be used to determine the work

function through Richardson’s equation and the construction of a Richardson plot.

2.6.2 Richardson Plot

A Richardson plot uses the zero-field current densities extracted from

Schottky plots to determine the work function and experimental Richardson
𝐽𝐽

constant. The plot is based on equation (1) and plots ln � 𝑂𝑂2 � versus
𝑇𝑇

1

𝑘𝑘𝑘𝑘

. The result is a

group of points that follow a linear path along the graph. The slope and y-intercept of

the best fit line are thus the work function, Φ, and the experimental Richardson
constant, 𝐴𝐴𝑅𝑅 . A hypothetical Richardson plot is shown in Figure 2.4 with the relevant
components labeled.
2.7

Osmium-Ruthenium Alloys
Os-Ru is a refractory metal alloy with complete miscibility over the entire

composition range according to its phase diagram [47]. Both Os and Ru have similar

Figure 2.4

Hypothetical Schottky and Richardson plots for thermionic emission
data.
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Figure 2.5

HCP unit cell showing the arrangement of the atoms.

atomic radii and form hexagonal close packed (HCP) crystal structures. The unit cell

of an HCP structure is shown in Figure 2.5. The hexagonal unit cell is not the primitive

unit cell, as it is not the smallest unit able to represent the entire structure. However,

the hexagonal cell is typically used because it easier to visualize. The hexagonal

system uses four axes to describe planes: a1, a2, a3, and c. The Miller-Bravais indexing

scheme includes 4 indices in a hexagonal system, (hkil). The index i is the reciprocal
of the fractional intercept on the a3 axis and depends on the intercepts of the plane

on the a1 and a2 axes; which are related to h and k. The value of i is related to h and k
through the relation:

ℎ + 𝑘𝑘 = −𝑖𝑖

(6)

While planes in the HCP system are usually represented by {hkil} they are sometimes

represented by only three indices: {hkl}. Equation (6) is useful for relating the
representations. For example, the prismatic plane in the HCP system (a non-basal face

of the hexagonal prism) may be represented by: {10-10} using 4 indices or {100}
using 3 indices.
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2.8

Controlling Os-Ru Microstructure
In order to study the effects of microstructure of Os-Ru coatings on thermionic

emission, it is important to have the ability to control the microstructure. This was

studied by Li et al. whose work laid the foundation for the current work [11]. Li

completed a systematic study on the influence of substrate biasing on film texture,

morphology, and chemical stability during annealing. The motivation behind Li’s

work was to develop an Os-Ru coating that could minimize the amount of W

interdiffusion into the Os-Ru film at high temperature. By minimizing the amount of
W interdiffusion, the life of an M-type cathode was expected to be improved.

Li demonstrated that the use of substrate biasing could induce texture, or

preferred orientation, with specific amounts of (0002), (10-10), and (10-11)

components. Li also tracked the texture of the films after annealing at temperatures
around 1100°C and found that certain bias powers (0W and 5W) produced films that

were quite stable and showed little transition to other orientations after annealing.

The 5W substrate biased film was emphasized because it exhibited a strong basal

(0002) texture. The basal texture has the highest planar density in the HCP crystal

structure and it was hypothesized that this would be ideal for inhibiting W
interdiffusion.

The amount of W in the film was also tracked both before and after deposition

with EDS. Based on EDS a substrate bias power of 5W and 20W resulted in films that
showed no measurable change in composition after annealing. However, the use of

EDS could have led to misleading results. The depth of analysis of EDS is significantly

larger than the thicknesses of the films studied by Li. Because Li deposited his films
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onto porous W pellets, an appreciable amount of the W detected was from the

substrate, and not the film. Li acknowledged this and indicated that surface sensitive
techniques, such as XPS, would be more appropriate. The implication of Li’s work was

that a substrate bias of 5W applied during deposition would yield a film that had the
best chance to inhibit W interdiffusion.

Bell [48] also studied the influence of substrate biasing on Os-Ru films and

found that the chemical stability of Os-Ru films improved with a DC bias of 50-100V

applied during deposition. Unfortunately, both Bell and Li stopped short of testing
their films under actual or simulated cathode operating conditions. Nonetheless, the

work of Li et al. and Bell provided a path for the initial study on the correlation of

microstructure and thermionic emission described in Chapter 5. Prior to the work of
Li and Bell, it was not reported that the microstructure of Os-Ru films could be

controlled. Therefore, no systematic studies on the microstructural influence of OsRu thin films on thermionic emission had been performed.
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Chapter 3:
Experimental Details and Methods
In this chapter, details are given regarding the equipment, experimental

methods and procedures, and additional theory related to the experiments
performed for this study.
3.1

Thin Film Deposition
The primary focus of this work was on thin film coatings. There are two

primary methods of depositing a film onto a substrate: Physical Vapor Deposition
(PVD) and Chemical Vapor Deposition (CVD). CVD typically involves flowing the
precursor materials in gas or vapor form over a substrate where it chemically reacts

with, or decomposes on, the surface of the substrate to form a film. There are a few

cases where CVD was used to deposit films for dispenser cathodes, but the vast
majority of both industrial and academic sectors use some variation of PVD [39].

In PVD processes, the atoms or ions of the material to be deposited are

vaporized in some way and then directly condensed onto a substrate, creating a film.

The most widely used forms of PVD include evaporation/sublimation and sputtering.
Evaporation/sublimation is the most straightforward method. The material to be
deposited is heated in vacuum to a temperature where it will evaporate or sublime
and then condense on a relatively cool substrate.

Sputtering involves the use of a plasma to bombard a target composed of the

material to be deposited. The plasma is composed of energetic ions that are
accelerated towards the target material. When the ions strike the target material,
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there is a ballistic collision and atoms, or ions, of the target material are ejected into

the vacuum. The ejected target material forms a vapor and will condense onto a

substrate placed near the target. Sputtering can be performed in a plain diode
configuration, supplemented with a magnetron, and use either direct current (DC) or
radio frequency (RF) power. Sputtering is performed under a vacuum with a gas
(typically argon) used to generate a plasma.
3.1.1 Diode Sputtering

Diode sputtering uses high voltages (either RF or DC) to negatively bias the

target relative to the substrate. Electrons leaving the target as a result of the large

potential collide with Ar gas generating Ar ions. The positively charged ions are then

accelerated towards the target and sputter the material. The industrial partner in this

study, Ceradyne, Inc., a 3M Company, uses RF diode sputtering to deposit Os-Ru films
onto their cathodes. The deposition conditions used by Ceradyne are listed in
Table 3.1 where they are compared against those used to deposit films at the

University of Kentucky (UK). An import distinction is the Ar pressure during
sputtering. Ceradyne uses an order of magnitude greater pressure than UK. Ar

pressure is known to have an effect on the residual stress in the deposited films [49].
The residual stress in the films deposited at UK are highly compressive. In fact, Os-Ru

films would often buckle and exhibit telephone cord-like patterns across the film.

Figure 3.1 shows an SEM image of the telephone cord-like buckling. On the other
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Table 3.1

Deposition parameters for Semicon and UK deposited films

Condition

Sputtering mode

Semicon films

Ar pressure (mtorr)

RF diode

DC magnetron

10

6 -17

20

Deposition rate (nm/min)
RF Substrate Bias

UK films

No

2.5

Yes

hand, the Semicon films are likely in a very low compressive state or even a tensile
state, based on the “cracks” throughout the film (see Figure 5.1 a and c).
3.1.2 Magnetron Sputtering

Sputtering done at the University of Kentucky was performed by DC

Magnetron sputtering with an ATC Orion sputtering system from AJA, Inc, Magnetron
sputtering is essentially the same as diode sputtering except that in addition to the

Figure 3.1

SEM image of Os-Ru thin film exhibiting telephone cord-like buckling.
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negative bias a magnetic field is applied to the target. The magnetic field lengthens

the distance electrons travel before returning to the target [49]. This increases the

chance that an electron will collide with an Ar atom and allows for a given ion current

density to be achieved at a lower pressure than in diode sputtering. The advantages

of magnetron sputtering include higher deposition rate and denser films. The denser

film that results from magnetron sputtering is made clear in chapter 5 in Figure 5.1 a
and c.

3.1.3 Substrate Bias
Applying a bias to the substrate causes the sputtered material to be

accelerated towards the substrate. The increased kinetic energy of the condensing

atoms and ions results in a different film-substrate dynamic. Incoming atoms or ions

have more energy and can therefore undergo lattice rearrangement. The incoming

atoms or ions can also re-sputter the growing film, which effectively reduces the

deposition rate. Substrate biasing is often used before film deposition to etch or clean

the substrate surface in order to promote film adhesion.

3.2

Thin Film Characterization

Deposited films were characterized with scanning electron microscopy, x-ray

diffraction, energy dispersive x-ray spectroscopy, and x-ray photoelectron
spectroscopy. These methods were chosen so that the morphology, crystal structure,
chemical composition, and chemical state of the films could be determined and
characterized.
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3.2.1 Scanning Electron Microscopy
The morphologies of the films were studied using scanning electron

microscopy. Images of the films’ surfaces (plan-view) and cross-sections were taken.
Hitachi S-900, S-3200, and S-4300 microscopes were variously used. The S-900
microscope provided the highest resolution of the three (1 nm lateral resolution), but

sample size was limited to a few millimeters in dimension. The S-3200 SEM was
primarily used for the EDS system as it had relatively poor resolution for thin film

imaging (3.5 nm lateral resolution). The S-4300 SEM provided high resolution (1.5

nm lateral resolution) and accepted both large and multiple samples at a time. This

SEM was used to image films on samples that were too large to image in the S-900

SEM.

3.2.2 X-Ray Diffraction
X-ray diffraction can reveal a wealth of knowledge about a specimen. X-ray

diffraction can provide information on the crystal structure, lattice parameters,

preferred orientation, strain, and grain size. Relative phase amounts and even
chemical composition can be determined from XRD through careful calculations.

As the name suggests, XRD relies on a materials ability to diffract a beam of x-

rays. In crystalline materials, the periodic arrangement of atoms allows for coherent

diffraction of x-rays at specific angles between the surface of the specimen and the

incoming x-rays. At all other angles, incoherent diffraction occurs. The specific angle

at which diffraction occurs is related to the wavelength of the irradiating x-rays and

spacing of the atomic planes that make up the crystalline structure. Equation 7 is

called Bragg’s Law and describes this relationship:
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Figure 3.2

Schematic of the θ-2θ, or Bragg-Brentano, XRD configuration.
𝑛𝑛𝑛𝑛 = 2𝑑𝑑 sin 𝜃𝜃

(7)

Where n is the order of diffraction (an integer), λ is the x-ray wavelength, d is the
inter-planar spacing, and θ is the angle between the irradiating x-rays and the sample

surface.

A typical XRD configuration consists of an x-ray source directed at a specimen

at an angle θ (0° being perfectly parallel to the specimen surface) and an x-ray

detector positioned opposite the x-ray source at an angle 2θ relative to the x-ray

source. Figure 3.2 depicts the configuration.

There are several different configurations for XRD but the one used exclusively

in this study is the θ-2θ configuration. In this configuration, the angle θ is
incrementally increased and the detector angle increases accordingly to maintain the
θ-2θ ratio. The detector records the intensity of the diffracted x-rays as it rotates
through a 2θ range set by the operator. A peak in the diffracted intensity will occur

when the sample is aligned for Bragg diffraction. For polycrystalline and powder

specimens over a broad 2θ range there will be a unique set of peaks which can allow
the crystalline structure of the specimen to be determined.
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A powder or polycrystalline sample is generally regarded to contain a

random distribution of crystallographic planes throughout the volume of the
material. The diffracted x-ray intensity of such a specimen is given by [50]:
1 + cos 2 2𝜃𝜃
𝐼𝐼 = |𝐹𝐹 𝑝𝑝 �
� 𝑒𝑒 −2𝑀𝑀
sin2 𝜃𝜃 cos 𝜃𝜃
|2

(8)

Where I is the diffracted intensity, F is the structure factor, p is the multiplicity factor,
θ is the Bragg angle, and 𝑒𝑒 −2𝑀𝑀 is the temperature factor. Detailed information about

the parameters in equation (8) can be found in [50]. In fact, Cullity and Stock provide
a comprehensive text on the elements of x-ray diffraction and it contains nearly all of
the theory that was used to analyze and interpret the XRD data for this work.

There are cases, however, when the distribution is not random and certain

crystallographic orientations are preferred over others. This is called “texture” and it
is common to see texture in thin film materials. Texture will affect the intensity of x-

ray diffraction at the Bragg angle. The intensity of a given reflection for a textured
specimen – as compared to its powder counterpart – will be stronger or weaker

depending on whether or not it is in the family of preferred orientations. A reasonable

approximation for determining the degree of texture is the proportion of a family of
(hkl) reflections’ integrated intensity to the sum of the integrated intensities of all

reflections. The integrated intensity is simply the observed intensity multiplied by the

full width at half maximum (FWHM) of the peak.

XRD is considered a bulk analytical technique because the penetration depth

of x-rays is typically on the order of 10 micrometers. It is important to understand

that diffraction patterns from thin films are likely to contain diffraction peaks from
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the substrate in addition to those from the thin film. Furthermore, it is also likely that

the diffraction peaks from the substrate will be much stronger than those from the
thin film.

XRD was used in this study to investigate the crystal structure and texture of

dispenser cathode coatings. Information regarding the lattice parameters and degree
of texture could easily be obtained from XRD. The diffractometer used

monochromatic Cu Kα x-rays with the anode set to 30kV and 20mA. θ-2θ scans were
typically performed from 30 – 90° 2θ at 0.01° increments.
3.2.3 Energy Dispersive X-Ray Spectroscopy

Energy dispersive X-Ray Spectroscopy (EDS) utilizes the principle of

characteristic x-ray excitation for chemical characterization. When an electron is

excited and ejected from a core level in an atom, an electron from a higher energy
level can fill the hole left by the ejected electron. The difference in energy between

the two levels is released as an x-ray. The energy of the x-ray is characteristic to the

atom from which it came. An energy dispersive spectrometer filters the x-rays

released from the atoms by energy and records the number of x-rays at each energy
level.

An electron beam is well suited to induce characteristic x-ray release. For this

reason, EDS is a common feature on scanning electron microscopes. EDS can detect
most elements, but it cannot distinguish chemical states. For example, EDS can detect
sodium and chlorine, but it cannot say that they are bonded to each other to form salt.

However, when coupled with an SEM, line scans and chemical mapping can be

powerful characterization tools.
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The interaction volume for electron beams used in SEMs is typically around 1-

5 µm. While Auger and secondary electrons only have enough energy to escape from
the surface regions, x-rays can escape from much deeper. EDS on thin films, as in XRD,

will include information from the substrate. This is important to consider when

preparing samples, especially if the components of the film are in the substrate as it

will make it difficult – if not impossible – to de-convolute the signals. Therefore, in

this study, when EDS was used to determine the chemical composition of thin films a
substrate, material that was not contained in the film was chosen. For example, in

evaluating the composition of W-Os-Ru alloys, films deposited on porous W pellets

were not used for EDS so that the W signal could only be due to the W in the film.

Instead, films on Mo substrates were used for EDS measurements.

SEM imaging of the samples in this study made EDS a convenient method of

characterizing the chemical composition. The EDS system was manufactured by EVeX
and was attached to a Hitachi S-3200 SEM with an electron beam accelerating voltage

of 20kV at a working distance of 15mm.
3.2.4 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is an analytical technique that can

determine elemental and chemical information about a sample. XPS utilizes low
energy x-rays to excite photoelectrons from a specimen. The photoelectrons emitted

from the specimen leave with an energy characteristic of the element from which they
came. Furthermore, the kinetic energy of the electron will differ slightly depending

on whether or not it is part of a bond. The energy shift can be used to determine
chemical information about a specimen, which EDS is not capable of.
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The XPS used in this study was a Thermo-Scientific K-alpha XPS. The x-rays

were monochromatic Al Kα capable of reaching binding energies up to 1350 eV. An
ion gun with variable current and voltage settings was available for surface cleaning

and depth profiling. The sample stage was large enough to accommodate samples up
to 2.5 in. x 2.5 in. in area. Figure 3.3 shows an image of the XPS and a schematic of the
various components.
3.3

Closely-Spaced Diode Tests
Closely-spaced diode testing is an experimental method to simulate dispenser

cathode operation in order to extract information about cathode performance. The
apparatus includes an evacuated glass tube containing up to four cathodes (termed
the test vehicle). The cathodes are spaced approximately 0.5 mm away from a Mo

anode. The test vehicle is connected to a power supply which applies current and

Figure 3.3

Image of the XPS system and a schematic of the components inside the
housing.
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voltage to the cathode heating elements as well as a potential difference across the

cathode-anode space. The current and voltage applied to the heater element are

recorded as well as the cathode-anode potential difference and the resulting emission
current from the cathode. The temperature of the cathode is also measured with a
disappearing filament optical pyrometer, which measures the “brightness

temperature” (°CB) by matching the brightness of a filament inside the pyrometer to

the brightness of an object. When the filament is overlaid on an object the filament

will “disappear” when its brightness is the same as the object’s brightness. The
brightness of the filament is calibrated to a temperature. The term brightness

temperature is used because the actual temperature of the object depends on the

emissivity of the material and amount of light coming from the surrounding
environment. Figure 3.4 shows an image of a closely-spaced diode test vehicle.

During a test, the cathode is heated to 1100° CB and the emission currents at

several different anode potentials are measured and recorded. The temperature of

the cathode is then lowered in regular steps and the emission currents at the various

Figure 3.4

Closely-spaced diode test vehicle showing the arrangement of the 4
cathodes inside the evacuated glass tube. This view shows the bottom
of the cathode and the red glow is from the potting material and not the
cathode surface.
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anode potentials are measured and recorded for each temperature. This process
continues until the optical pyrometer can no longer detect the cathode temperature

(close to 700°CB). Thus the recorded data consists of cathode emission current at

different applied anode potentials and at different cathode temperatures.

The closely-spaced diode tests for this study were performed by e-beam, Inc.

in Beaverton, Oregon. Cathodes were coated at the University of Kentucky and at
Semicon Associates before being sent for diode testing. The testing consisted of

activating the cathodes followed by aging the cathodes at 1100°CB. Data was collected
at 500 hour increments starting directly after activation (0 hours). As is customary
with CSD tests, the inability to cool the anode necessitates operating the cathodes in

a pulsed mode rather than continuously. Pulsing the potential applied to the anode
avoids overheating of the anode.
3.4

The Kelvin Probe and Contact Potential Difference Measurement
The work function can be determined from thermionic emission as described

in sections 2.4 and 2.5. However, the work function can also be determined from
measuring the contact potential difference between two surfaces. The Kelvin Probe is

a technique that measures the contact potential difference between a vibrating tip
and a sample. The Kelvin Probe is based on a principle first discovered by Lord Kelvin

in 1861. He showed that when two conductors are brought into electrical contact a
potential difference develops that is related to the work function difference of the two

conductors – thus Contact Potential Difference, or CPD. When the two surfaces are

aligned as a parallel plate capacitor, electrons from the material with the lower work
function will flow to the material with the higher work function and create two
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equally and oppositely charged surfaces. Figure 3.5 depicts the concept of the Kelvin
Probe and CPD in terms of energy band diagrams.

The Kelvin Probe measures the CPD by applying an oscillating external

potential and measuring the voltage. When the externally applied voltage equals the

CPD there will be no signal detected. The relationship between CPD and work
function is given by

𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶 = Φ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − Φ𝑡𝑡𝑡𝑡𝑡𝑡

(9)

Where e is the charge of an electron, VCPD is the contact potential difference, Φsample is
the work function of the sample and Φtip is the work function of the tip. As such, the

work function of the sample can only be determined if the work function of the tip is
known. Therefore, it is important that the work function of the tip is accurately

determined before using the Kelvin Probe to measure work function. In order to do

this, an ultra-violet LED light source was used to determine the absolute work

Figure 3.5

Energy band diagrams showing the concept of the contact potential
difference: a) work function difference when there is no electrical
connection between the tip and the sample; b) if electrical contact is
made, the two Fermi levels align and charge flows from the higher work
function material to the lower; c) if a capacitor is introduced and an
external voltage, Vb is applied, there will be no charge buildup when
Vb equals the CPD.
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function of the tip. The UV LED light source has a wavelength of 255.1 nm

corresponding to an energy of approximately 4.9 eV. A sample with a sufficiently low

work function (i.e. magnesium with a work function of about 3.5 eV) can then be
illuminated by the light source and produce photoelectrons. During this time, a
potential is applied to the tip so that it attracts the photo emitted electrons and the

detected signal reaches a saturation point. The potential applied to the tip is then
incrementally lowered to the point where no signal is detected. The point just above
where no signal is detected is called the on-set point. The on-set voltage is equal to

the work function of the tip minus the energy of the incident light. With the on-set

voltage measured and the energy of the incident light known, the absolute work
function of the tip is easily obtained.

The Kelvin Probe used in this study was manufactured by KP Technology. It is

UHV compatible and can be positioned by a PC-controlled stepper motor. The probe

tip used was 4 mm in diameter and was made from an unknown stainless steel alloy.

The Kelvin Probe was mounted on a UHV chamber with a mechanically backed turbo
pump and ion pump. A Ti-sublimation pump was also installed on the system. The

base pressure for the system during the period it was used for this study was 3 × 10−8

Torr. A Quelee residual gas analyzer (RGA) was also mounted on the system to

monitor the pressure and residual gases in the chamber. Figure 3.6 shows an image
of the Kelvin Probe station within the chamber.
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Figure 3.6
Kelvin Probe station within the UHV Chamber. Depicted are the Kelvin
Probe tip, protective shutter, and the sample stage with electrical connections for
resistive heating of samples.
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Chapter 4:
Nanoporous Os-Ru Thin Films
Nanoporous materials offer a very high surface area and small, highly curved

features. Increasing the surface area of Os-Ru coatings on dispenser cathodes might
allow for a greater current density to be achieved due simply to the increased area

available for emission. Furthermore, intensified local electric fields around the highly

curved features would enhance thermionic emission. Therefore, nanoporous Os-Ru
could be a novel way to enhance the emission from thermionic dispenser cathodes.

Thin films of an Osmium-Ruthenium-Magnesium (Os-Ru-Mg) alloy were

deposited with a composition gradient onto silicon wafers. The films were then

immersed in either dilute hydrochloric acid (HCl) or distilled water (H2O) to

selectively etch away Mg and dealloy the films. Both solutions were able to remove

the Mg, but the HCl solution yielded the best nanoporous structure. Dealloying

occurred over a range compositions from about 30-40 at.% Os-Ru. The morphology

of the nanoporous Os-Ru differed from the classical nanoporous gold (Au) structure.

Thermal dealloying of Os-Ru-Mg was attempted in an effort to produce a

nanoporous film in a manner easily incorporated into the dispenser cathode
manufacturing process. Os-Ru-Mg films with compositions in the range used for

chemical dealloying were heated in a vacuum to at least 400°C. A nanoporous
structure was not achieved by the methods used, but results indicated that thermal
dealloying may be possible.
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4.1

Nanoporous Thin Films
Natural zeolites were among the first porous materials studied and their

remarkable properties eventually led to the development of synthetic zeolites.
Zeolites are a naturally occurring porous material made of aluminosilicate minerals

[51]. The structure is an interconnected, ordered network of ligaments which create

pores throughout the material. In the mid-19th century, zeolites were found to be
quite good desiccants and their use quickly expanded to applications in catalysis, gas

separation, and ion exchange. By the 1940’s, the adsorption, ion exchange, filtering,
and structural properties of zeolites were well described [52]. The porous structure

of zeolites made them attractive to the fuel cell industry where they are used as a

framework for catalytic metals on electrodes. The electrodes of fuel cells must be
porous, conductive, and have a large surface area to facilitate the reaction taking place
and allow electrons to flow to the connected circuit. Zeolites were well suited as they
possess excellent conductivity and typical pore sizes on the order of 2 to 50nm [53].

Zeolites paved the way for the development of other porous media. Recently,

integrated devices such as MEMS have received much attention for their potential to
perform multiple functions in a very small volume. MEMS technology looks to

integrate micro–sensors, –actuators, and –electronics onto a single microchip. With

evidence of excellent gas adsorption properties, nanoporous thin film metals show

great promise for gas sensing devices. Furthermore, the high surface-area-to-volume

ratio, electrical conductivity, and relatively simple fabrication make them ideal

candidates for integration into MEMS devices as microelectronic sensors [54]. Use of

nanoporous materials as coatings for dispenser cathodes have not been investigated,
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but some of the same aspects that made nanoporous materials attractive for catalysis
and MEMS devices are also attractive for dispenser cathode applications.

Nanoporous metallic thin films are generally fabricated through a method

termed dealloying. Dealloying is a process in which one component of a multicomponent system is preferentially removed in an electrolytic solution. Dealloying

was used long ago by indigenous people in South America. They were able to enhance
the surfaces of their gold artifacts by immersing them in a hot, acidic liquid which
removed the copper from the alloyed gold [55]. The impurities on the surface of the

gold artifacts were etched leaving pure gold. This concept was applied by other
cultures in antiquity and was known as depletion gilding. While depletion gilding has
largely been abandoned and replaced by electroplating, the concept has found new
life in nanoporous thin films.

According to Erlebacher and Seshadri in an article in a 2009 issue of the MRS

Bulletin, the definition of dealloying includes [53]:

“(a) an alloy with miscible components forms a solid solution over a wide
composition range;
(b) the reduction potentials of the components must be well-separated such
that one component is soluble in its oxide state (i.e., so that this element
dissolves); and
(c) the more noble, nonoxidized component(s) are free to diffuse along the
alloy/electrolyte interface.”

With this definition, nanoporous metals can be created through dealloying

with highly controllable, tunable morphologies. The condition for complete solubility
of the components over a wide composition range ensures that the less noble

component is not simply carved out of a phase-separated material, but that the nobler

component diffuses along the interface exposing more of the less noble component.
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The classic example of such a dealloying system is AuAg which yields nanoporous Au.

Nanoporous Au can have ligaments on the order of 10nm and porosity throughout

the thickness of the film.

The dealloying process usually depends strongly on the precursor alloy

composition. For example, complete dealloying of AuAg alloys occurs within sharp

composition boundaries of 22 to 26 at.% Au while alloys with more than 36 at.% gold
only dealloy at the grain boundaries [56]. The alloy typically needs to be richer in the

less noble component to avoid passivation of the film which prematurely ends the
dealloying process. The key aspect of dealloying is the selective etching of one

component which creates a free surface for the remaining component(s) to diffuse

along and build up a nanoporous structure. If an alloy mostly consisted of the more
noble element, the film would soon become passivated by a layer of the more noble

component, thereby burying the less noble component and arresting further
dealloying.

The majority of research in nanoporous thin films has focused on the FCC and

precious metals with little attention paid to refractory metals with non-cubic crystal

structures. The osmium-ruthenium (Os-Ru) alloy system provides a unique

opportunity to study dealloying of a non-cubic, refractory metal. Os-Ru is an alloy of

two refractory metals and therefore, itself, has a high melting point between 2300°C
and 3000°C (depending on the alloy composition). Os-Ru also has a hexagonal close

packed (HCP) crystal structure and both Os and Ru form a substitutional solid
solution over the entire composition range.
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Os-Ru is most notably used as a coating for thermionic dispenser cathodes.

The OsRu coating acts to lower the work function of dispenser cathodes and improve
their reliability and useful life [21, 24, 53]. While the application of the OsRu coating

was a great achievement in improving dispenser cathode performance, little has been

done to modify the coating morphology and microstructure to gain further
improvements [11, 12, 16, 31, 57]. Considering that a highly curved surface

experiences a more concentrated electric field than a flat surface, one method to

improve the performance of OsRu coatings would be to introduce nano-sized, curved

features. A nanocrystalline grain structure is one such way to do this but a better way

might be to have a nanoporous film. The large surface area and high curvature of the

ligaments would make nanoporous OsRu an excellent surface for electron emission.

The nanoporous structure would allow for a larger surface area available for electron
emission; effectively increasing the current density for a given macroscopic emitter
area.

Recently, Wang et. al showed that dealloying precursor alloys of M-Mg (where

M is a transition metal) could be effectively carried out in relatively benign solutions
including dilute acetic acid, even water [58]. The ability to use benign dealloying

solutions is appealing for commercial and industrial uses since it minimizes the
hazard posed to workers and environmental effects of the harsh acids typically used.

For the dispenser cathode industry, the use of acids and water in the manufacturing
process is avoided, when possible, to minimize sources of contamination. As such, if

nanoporous films are to ever be implemented in real devices, their fabrication should
align with the rest of the manufacturing process.
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One method of dealloying that has not been discussed is that of thermal

dealloying; and it potentially aligns extremely well with the dispenser cathode
manufacturing process. Thermal dealloying requires a precursor alloy with a low
melting point, high vapor pressure sacrificial element. The premise is that the lower
melting point material will diffuse out of the alloy and evaporate when heated under

ultra-high vacuum. This method is particularly attractive to fabricating nanoporous
Os-Ru for dispenser cathodes because the basis for thermionic emission is to heat

under ultra-high vacuum conditions. Thus, it is envisioned that simply adding an
additional temperature hold step before activation would be adequate to form the
nanoporous structure.
4.2

Fabrication of Nanoporous Os-Ru Thin Films

4.2.1 Precursor Alloy Deposition
Since most alloys only dealloy within certain composition ranges, it was

expected that complete dealloying of OsRu should occur within a small composition
range with limited dealloying occurring at all other compositions. In order to

determine the composition range, OsRu-Mg alloy samples were prepared with a

composition gradient so that a wide range of compositions could be tested. OsRu and

Mg were co-deposited on a (100) oriented silicon wafer strip via DC magnetron

sputtering. The sputter deposition was done in an AJA ORION sputtering system with

a base pressure of 5x10-8 Torr and a sputtering pressure of 2.5x10-3 Torr. The
deposition was carried out in Ar plasma with a voltage of 445V and 335V applied to

the OsRu and Mg targets respectively. The OsRu alloy target had an atomic
composition of 80% Os and 20% Ru and the Mg target was commercially pure (99.99
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at.%). It is common during sputter deposition to rotate the substrate to ensure

uniform film thickness. However, to generate the composition gradient it was

necessary to keep the substrate stationary during deposition and arrange the targets
directly across from each other in the chamber. Figure 4.1 shows a schematic of the
deposition setup.

The goal of the co-deposition was to have a uniformly thick film with a smooth

concentration gradient along the length of the Si strip. To achieve this, the deposition
rates of both OsRu and Mg were balanced by adjusting the targets’ voltages to

increase/decrease the rate of the slower/faster depositing material, respectively. The
result was a film with one end rich in OsRu and the other end rich in Mg. Films were
simultaneously deposited on several strips with some set aside to measure the as-

deposited composition and the others used to dealloy.

Figure 4.1

A schematic of the deposition setup in the AJA ORION sputtering
system that employs a sputter-up configuration. The targets were
located equidistant from the center of the silicon strip and the
substrate was located 55mm above the targets.
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4.2.2 Chemical Solution-Based Dealloying
The dealloying of OsRu-Mg was carried out in a dilute solution of HCl in

distilled water (~0.5% by vol.) with a pH of 1.5. A strip of the OsRu-Mg gradient was
placed in the HCl solution for 15 minutes and then rinsed with distilled water

followed by ethanol. The strips were then sectioned into smaller pieces (~0.5cm

wide) along the gradient to separate the film into smaller ranges of composition. This
was done for both the dealloyed and as-deposited films so that the as-deposited
composition could be matched to the corresponding dealloyed structure. The as-

deposited film composition was determined through energy-dispersive x-ray

spectroscopy (EDS). The degree of dealloying was determined through scanning

electron microscopy images where the nanoporous structure was quantified. OsRu-

Mg alloy thin films were also dealloyed in distilled H2O (pH of 6.2) just below the

boiling point (95°C) for 1 hour. The films were then rinsed in ethanol and
characterized in the same manner as the other films.
4.2.3 Thermal Dealloying

Once the appropriate dealloying composition range was determined, Os-Ru-

Mg alloys were deposited on W pellets (in addition to Si wafers) so that thermal
dealloying could take place. Initially, samples were thermally treated in the sputtering

system by the high temperature substrate heater. However, loading samples and
ensuring adequate heat transfer from the substrate heater to the film were

problematic. Use of the cathode heating system described in Chapter 7 proved to be
a much better approach.

46

There is little available literature on the method of using heat to dealloy [59,

60]. One reference is a conference proceedings abstract with no specific details

regarding the methodology for thermal dealloying [59]. The other was a patent

application for producing nanoporous metals for drug delivery systems [60]. The
details in the patent regarding the thermal dealloying process were vague, but at least

provided a reference point. Based on the patent material, to dealloy Mg-based
precursor alloys, a vacuum of 1 × 10−6 Torr or better is necessary and temperatures

up to 600°C may be required. The vacuum system used had a base pressure of 5 ×
10−7 Torr or better. The temperature, was difficult to measure accurately below

800°C, given the current configuration. However, the power settings of the power

supply can provide an estimate of the temperature. With the power supply operated
in a current controlled mode, a current of 0.6A (taken to be approximately 600°C) was

reached over 30 minutes by ramping the current at a rate of 0.1A/5min. The sample

was held at this temperature for 1 hour. The structure was then evaluated in an SEM
to determine the extent of dealloying.
4.3

Results and Discussion

The composition gradient, as verified by EDS, of the as-deposited films can be

seen in Figure 4.2. The OsRu-Mg deposition yielded a linear gradient resulting in
compositions ranging from 100 to 32 at.% OsRu with a nominal thickness of 200 nm.
OsRu-Mg films dealloyed in dilute HCl yielded a crack-free, nanoporous structure

with small pores and ligaments. The upper limit of the optimum composition range

was 41 at.% OsRu. The nanoporous structure can be seen in Figure 4.3. OsRu-Mg
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Figure 4.2

OsRu-Mg composition gradient in atomic percent as measured by EDS.

dealloyed in H2O also yielded a nanoporous structure with small pores, but with a

poorly defined ligament network as seen in Figure 4.4.

Figure 4.3

SEM image of Os-Ru-Mg dealloyed with HCl showing a) the
nanoporous structure with small ligament and pore sizes and b) the
crack-free film.
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Figure 4.4

OsRu-Mg dealloyed in hot H2O showing the nanoporous structure with
pore sizes much smaller than OsRu-Mg dealloyed in HCl, but also with
poorly defined ligaments.

A rough estimate of the pore size was made by measuring the largest pore

diameter of a random sample of pores and taking the average of the measurements.

The average pore size of OsRu-Mg dealloyed in HCl was 23 nm ± 11 nm while Os-Ru-

Mg dealloyed in H2O was 15 nm ± 6 nm. The pore size distribution can be seen in
Figure 4.5.

Dealloying with both HCl and H2O yielded nanoporous films with structures

different from the classic nanoporous structure of Au as seen in [53, 61, 62].

Nanoporous Au has smooth, rounded ligaments whereas nanoporous OsRu seems to
have rougher ligaments and more of a sponge-like appearance. There were also

differences between the nanoporous OsRu structures dealloyed by HCl and H2O.

Nanoporous OsRu dealloyed with H2O had smaller pores and poorly defined

ligaments. The nanoporous structure of the film dealloyed in H2O indicated that the
49

Figure 4.5

Pore size distribution for np-Os-Ru dealloyed in dilute HCl and H2O for
a random sample of pores.

dealloying process was not fully completed. Nevertheless, it appears that dealloying
in H2O occurred and the use of an acid to dealloy Os-Ru-Mg may not be necessary.

Differences between Au-Ag and Os-Ru-Mg may have influenced the different

morphologies between the two systems. Namely, dealloying the OsRu-Mg system

would have involved diffusion of a high melting point, refractory metal. It is common
to assume that the activation energy for self-diffusion is proportional to melting

temperature [63]. Therefore, the activation energy for self-diffusion in refractory
metals is generally higher than for other metals and the time to diffuse a given length

will be longer. This might explain the finer structure of nanoporous OsRu as

compared to AuAg. It is well known that the ligaments in nanoporous films undergo
coarsening with increased dealloying time [64, 65]. Therefore, it could be that the

OsRu-Mg film dealloyed in HCl is only partially dealloyed and/or the ligaments were
not allowed enough time to coarsen.

Another explanation for the difference in the morphology between

nanoporous Os-Ru and Au could be due to the HCP crystal structure of Os-Ru. The
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majority of studies on nanoporous metals have focused on cubic metals, FCC in
particular. Diffusion along a surface, as happens during dealloying, is influenced by

the specific crystal plane of the surface; and an HCP crystal system provides plane

geometries different from that of an FCC crystal system. Therefore, the morphology
of nanoporous OsRu might be a consequence, at least partially, of the HCP crystal
structure.

An alternative explanation of the morphological difference could lie in the

sacrificial metal used in the alloy. As described previously, nanoporous Au formed
from dissolution of the sacrificial component from a solid solution and diffusion of Au
along the alloy/electrolyte interface. Based on the Hume-Rothery rules for predicting

solid solubility, Os-Ru and Mg are not likely to form a solid solution; which is one of
the accepted criteria for determining if an alloy will dealloy. Therefore, it is not
unreasonable to expect that Os-Ru-Mg would form a two-phase microstructure with

pockets, or areas, rich in either Os-Ru or Mg. It would then follow that the apparent

nanoporosity in dealloyed Os-Ru-Mg was due to the excavation of Mg-rich pockets in

the film. A different mechanism for pore formation would certainly make the different
morphology a reasonable by-product. However, a pitted surface rather than a
network of pores and ligaments seems to be a more likely structure for such a

mechanism. Unfortunately, a phase-separated microstructure of the as-deposited

OsRu-Mg film was not verified and there were not any readily available phase
diagrams for the Os-Ru-Mg system.

To investigate the possibility of incomplete dealloying, the structure was

tracked as a function of time in the HCl solution. Os-Ru-Mg samples were immersed
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in the dilute HCl solution for periods of 5 s, 10 s, 30 s, 1 min, 2 min, 5 min, and 10 min.

Figure 4.6 shows the evolution of the nanoporous structure over time. The
nanoporous structure appeared to develop almost instantly. Furthermore, the

nanoporous structure remained constant with no appreciable coarsening of the
ligaments.

With no apparent coarsening of the ligaments with increased dealloying time,

annealing of nanoporous Os-Ru was investigated to determine if the ligaments could
be coarsened at elevated temperature. Nanoporous Os-Ru was annealed in a reducing
environment (75% N2 and 25% H2) at 900°C for 10 min. Figure 4.7 shows the

resulting structure after annealing. The nanoporous structure collapsed and the film
densified. Furthermore, it appears that significant grain growth occurred. The

Figure 4.6

Evolution of nanoporous structure with dealloying time in dilute HCl.
Complete dealloying appears to occur nearly instantaneously with no
change in pore or ligament size as dealloying time is increased.
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annealing temperature may have been too high which is known to cause densification
of nanoporous films [66, 67].

Figure 4.7

Np-Os-Ru after annealing in an inert atmosphere at 900°C for 10
minutes. The np structure has collapsed and the film densified.

Thermal treatment of Os-Ru-Mg was unable to produce a nanoporous

structure. Figure 4.8 shows the structure of Os-Ru-Mg after vacuum heat treatment.

The film does exhibit a significantly different structure from both the as-deposited
state and nanoporous Os-Ru. Furthermore, close examination of the surface from

Figure 4.8 shows what appear to be islands with ligament-like features that more

closely resemble those of nanoporous Au. The amount of retained Mg in the film was

nearly 50 at.% as determined by EDS. This points to the island-like clusters as being

Mg that has agglomerated at the surface of the film.
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Figure 4.8
4.4

Os-Ru-Mg after thermal dealloying in vacuum. It appears as though
dealloying may be occurring, but there are clusters or islands of
ligaments as opposed to an interconnected network of ligaments.

Summary and Conclusion

It was demonstrated that Os-Ru-Mg films could be dealloyed by using a dilute

solution of HCl that resulted in a nanoporous structure characterized by a network of
ligaments. The dealloyed structure consisted of pores that were 23 nm in diameter

on average. However, the morphology of the nanoporous structure was noticeably
different than the well-known nanoporous Au structure. It is suggested that the

nanoporous structure could be due to a phase-separated film in which pockets of Mg

are able to be excavated from the Os-Ru matrix. This could also explain the rapid rate
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of dealloying as it would not require the self-diffusion of Os-Ru to form the network

of ligaments. Dealloying in H2O resulted in incomplete dealloying with the current set

of dealloying conditions. However, complete dealloying appeared to be possible with

further investigation into the optimum dealloying conditions. Coarsening of the

ligaments could not be achieved through longer exposure to the dealloying solution
nor by annealing in a reducing environment. In fact, the annealing temperature

caused a collapse of the nanoporous structure, densification of the film, and grain

growth, all during only a 10 minute anneal. This points to the nanoporous structure
being highly unstable at elevated temperature.

The thermal dealloying technique was demonstrated in principle, but the

current experimental parameters were unable to yield a fully dealloyed structure.
Further investigation into the thermal dealloying parameters is needed to be certain
as to whether it is a viable method for Os-Ru-Mg films.

The results of this study showed that while a nanoporous Os-Ru film is

achievable, there is still much to be studied in order to for it to be used as a dispenser

cathode coating. Chiefly, demonstration of a stable structure at elevated temperature

is critical as the nanoporous coatings will need to withstand temperatures in excess
of 1000°C.
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Chapter 5:
Correlation between Microstructure and Thermionic Emission 1
Osmium-ruthenium films with different microstructures were deposited onto

dispenser cathodes and subjected to 1000 hours of closely-spaced diode testing.

Tailored microstructures were achieved by applying substrate biasing during

deposition, and these were evaluated with scanning electron microscopy, x-ray
diffraction, and energy dispersive x-ray spectroscopy before and after closely-spaced

diode testing. Knee temperatures determined from the closely-spaced diode test data
were used to evaluate cathode performance. Cathodes with a large (10-11) Os-Ru film

texture possessed comparatively low knee temperatures. Furthermore, a low knee

temperature correlated with a low effective work function as calculated from the

closely-spaced diode data. It is proposed that the formation of strong (10-11) texture

is responsible for the superior performance of the cathode with a multilayered Os-Ru
coating.
5.1

Introduction
Osmium-ruthenium (Os-Ru) alloy thin films are utilized by the dispenser

cathode industry to enhance electron emission properties. It was discovered by Zalm

et al. that coating Os on a standard dispenser cathode (B-type) would result in a

cathode with a lower effective work function [57]. Zalm et al. studied other coatings
that also yielded cathodes with lower effective work functions, but Os has proved to
1Portions

reprinted with permission from P. D. Swartzentruber, T. J. Balk and M. P. Effgen, J
Vac Sci Technol A 32 (2014). Copyright 2014, American Vacuum Society.
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give the greatest reduction in work function [57]. The Os coating was eventually

replaced by an Os-Ru alloy coating due to concerns about possible formation of highly
toxic OsO4. The Os-Ru alloy coating varies only negligibly from an Os coating in terms

of effective work function reduction and its effect on cathode performance [21]. Other
refractory element coatings, such as osmium-iridium, have also been applied to

dispenser cathodes in order to achieve properties similar to those of cathodes coated

with Os-Ru [21]. Dispenser cathodes with a top layer coating of a refractory metal are
typically referred to as M-type dispenser cathodes.

Dispenser cathodes are essential components in devices that see service in

space and military applications. As such, these devices require long lifetime and high
reliability. There are two well accepted lifetime limiting factors for M-type dispenser

cathodes: depletion of Ba from the impregnate and degradation of the coating [28, 6870]. The impact of these factors is exacerbated at elevated temperature. The
motivation behind the current study is to understand how the coating enhances

electron emission and how it can be optimized to improve the lifetime of M-type

dispenser cathodes.

The focus of many studies on M-type dispenser cathodes has been on chemical

composition and barium adsorption/desorption [19, 23, 71, 72]. Additionally, the

microstructure of the substrate material, W or a mixed-metal matrix, has been
investigated [15, 16, 37]. However, few studies have investigated the microstructure

of the coating itself and how it relates to cathode performance. Liu et al. investigated

a nanoparticle thin film coating of Ir and its effect on thermionic emission. It was
found that the nanoparticle Ir thin film possessed similar emission capabilities to the
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traditional M-type cathode. However, no information on crystal structure or grain

orientation was presented [38]. Green et al. and Brion et al. studied Os-W coatings

and the phases that developed in the coating during cathode operation [19, 23]. Green

found that the formation of a σ-phase alloy correlated with enhanced emission. Still,

no crystallographic information was presented for the coatings that existed on the W
substrates.

It is well known that the work function of a material varies for different

crystallographic planes. In body-centered cubic W for example, the (100), (110), and

(111) crystal faces have work functions of 4.63 eV, 5.22 eV, and 4.45 eV, respectively
[73]. When considering the work function of crystalline materials, crystallographic
information should be discussed in order to achieve a more complete understanding.
As first shown by Zalm et al., for M-type cathodes a higher work function base metal

coating correlates with a low work function cathode [57]. This counter-intuitive trend

was explained on the basis of a model with Ba on O on metal, where Ba-O acts as a
dipole that reduces the barrier to electron emission, and where this effect is stronger

for metals with higher work function. The effect of a high work function coating will
be explored more in Chapter 6. Additionally, Haas et al. and Cortenraad et al. pointed
out that the crystallographic structure of the substrate surface should have a strong
influence on the Ba-O dipole layer, and therefore the overall work function of the

cathode [24, 74]. Thus, while chemical composition, emission uniformity, and barium

adsorption/desorption are important aspects to consider in M-type dispenser

cathodes, the microstructure of the coating should also be considered but is often not
discussed.
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Previous studies have shown that the microstructure of Os-Ru thin films can

be controlled through the use of substrate biasing and that the microstructure has an

influence on the emission properties of M-type dispenser cathodes [11, 75]. However,

the exact nature of the influence is not well understood. In this study, microstructural

characterization was performed on the Os-Ru coatings of M-type cathodes operated

for 1000 hours in a closely-spaced diode (CSD) setup. The microstructures of the Os-

Ru films were characterized and then compared on the basis of knee temperature as
determined from CSD testing.
5.2

Experiments

5.2.1 Film Preparation and Characterization
Based on the work by Li et al. [11], Os-Ru thin films with engineered

microstructures were deposited simultaneously onto dispenser cathodes and W

pellets. The dispenser cathodes and W pellets were manufactured by Semicon
Associates in Lexington, KY. Both the cathodes and the W pellets had a diameter of
3.11 mm and were nominally 16% porous. The Os-Ru films were deposited at the

University of Kentucky using DC magnetron sputtering (ATC Orion system, AJA
International Inc.), and substrate bias was applied at predetermined levels to produce
specific microstructures. The base pressure of the sputtering system was 6.67 x 10-6
Pa (5.0 x 10-8 Torr) and the argon pressure during deposition was 0.33 Pa (2.5 x 10-3

Torr). Table 5.1 summarizes the film deposition parameters and the corresponding
microstructures.
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Table 5.1

Film Type

Deposition parameters and texture components of Os-Ru films.

Multilayer
Semicon

5W-550nm

10W-150nm

*the

Thickness [nm]

Substrate Bias [W]

550

0

25/150/25*

20/5/0*

550

5

150

10

Major As-Deposited
Texture Component
(10-11)†
(10-10)
(0002)

(10-11)

multilayer film layer characteristics are designated as: bottom layer/middle layer/top layer.

†the predominant texture components of the individual layers, when deposited independently, are {10-

10}/{0002}/{0002}. However, the {10-11} texture is dominant in the overall composite film.

The Os-Ru films were then studied with scanning electron microscopy (SEM,

Hitachi S4300 and S900), x-ray diffraction (XRD, Siemens D500), and x-ray energy

dispersive spectroscopy (EDS) to determine the resulting microstructure, texture,

and composition of each film in the as-deposited state. After CSD testing, the cathodes
were re-examined by SEM, XRD, and EDS to characterize any changes.
5.2.2 Closely-Spaced Diode Testing

Dispenser cathodes with different Os-Ru film microstructures were sent to

eBeam, Inc. for CSD testing. To provide a baseline for comparison, a commercially

available, Os-Ru M-type dispenser cathode from Semicon Associates was also

included in the same test vehicle sent to eBeam, Inc. (Note that Semicon Associates

uses RF diode sputtering to deposit their films, with no substrate biasing). The

cathodes were aged at 1100 °CB (brightness temperature, which corresponds to a true
temperature of 1171 °C) for 1000 hours. Data was collected just after the initial
activation (0 hours), at 500 hours, and at 1000 hours. At each measurement interval

and for each cathode, the change in anode current with cathode temperature was
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recorded for 4 different voltages applied to the cathode. For subsequent calculations,
all brightness temperatures were converted to true temperatures.
5.3

Results and Discussion

In the as-deposited state, all films exhibited small grains on the order of 10 to

20 nm as evidenced from the SEM and seen in Figure 5.1a and c. After 1000 hours of
CSD testing, grain size increased significantly to approximately 100 to 200 nm, as

seen in Figure 5.1b and d. This growth highlighted the fact that significant atomic
rearrangement occurred in the film. After characterizing the films with XRD it was
found that some films had experienced a substantial change in film texture as well.

Figure 5.1

SEM images showing grain growth of 10W-150nm (a and b) and
Semicon (c and d) Os-Ru films after 1000 hours in a CSD test. Images a
and c show the films in their as-deposited states, while b and d show
the films after 1000 hours at elevated temperature. These images are
representative of the grain growth seen in all samples after CSD testing.
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Figure 5.2

Texture components of Os-Ru films: a) in the as-deposited state and b)
after 1000 hours operation in closely-spaced diode testing. The
majority of the multilayer film texture components transformed into
the (10-11) component. Other films retained a mixture of significant
secondary components.

Figure 5.2 compares the texture components in each film and demonstrates a clear
difference in film texture.

While the 5W-550nm film maintained its primarily basal texture, the

multilayer, 10W-150nm, and standard Semicon film all transformed to either a (1011) film texture or a mixed texture of (10-11) and (10-10). Figure 5.3 shows an XRD

scan of the multilayer coated cathode before and after CSD testing (with texture

transformation induced by the CSD test). The Os-Ru peaks in the as-deposited state

are present, albeit at low intensity. The peaks are more easily seen after CSD testing
and there is a clear preference for (10-11) orientation.

The CSD test data allowed determination of the knee temperature (Tknee) for

cathodes at various stages of testing. Figure 5.4 shows the anode current versus
temperature for each cathode over the course of the 1000 hour test and Table 5.2
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Figure 5.3

X-ray diffraction scans of the multilayer coated cathode before (top)
and after (bottom) 1000 hours of CSD testing. The tungsten substrate
and Os-Ru peaks are indicated in the figure. The smaller peaks that
appear in the bottom scan correspond to higher-index Os-Ru planes.

summarizes the cathode knee temperatures at three intervals during the 1000 hour
test. The knee temperature is often used as a means to compare cathode performance.

The knee temperature is the point, on a plot of anode current versus cathode
temperature, where electron emission transitions from space charge limited to

temperature limited. Dispenser cathodes are often operated just above Tknee. The
temperature-limited regime of electron emission from a hot body is governed by the
well-known Richardson equation:

Φ

𝐽𝐽 = 𝐴𝐴𝑇𝑇 2 𝑒𝑒 �−kT�

(1)

where J is the anode current density, A is theoretically 120 A/cm2∙K2, T is

temperature, Φ is work function, and k is the Boltzmann constant.
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Figure 5.4

Current vs temperature plots for the (a) multilayer, (b) 5W-550nm, (c)
Semicon, and (d) 10W-150nm cathodes after 0, 500, and 1000 hours of
aging. The knee temperature Tknee (indicated by an arrow) for each
cathode was extracted from these plots by fitting lines to the linear
portions of the temperature limited and space charge limited regions
and taking their intersection point as Tknee. The accelerating voltage
was 235 V, 230 V, 190 V, and 170 V for the multilayer film, Semicon film,
5W-550nm film, and 10W-150nm respectively after 1000 hours.
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Table 5.2

Cathode knee temperatures over 1000 hours and associated texture
components
Tknee [°CB]

Cathode
Coating

0 hours

500 hours

1000 hours

Semicon

940

930

940

Multilayer
5W-550 nm

10W-150 nm

976
969
975

946
961

934

Major Texture
Components
at 1000 hours

952

969

965

(10-11)
(10-11)
(0002)

(10-11)

Ideally, the space charge limited region manifests itself as a plateau in current

on a plot of anode current versus temperature. However, the transition from

temperature limited to space charge limited is typically not sharp and occurs over a
range of temperatures. This is typically attributed to a work function distribution on

the surface of the cathode [76]. Therefore, the space charge limited region on a plot
of anode current versus temperature is typically represented as a line with a small

positive slope. If lines are fitted to the space charge limited region and the high

temperature portion of the temperature-limited region, the intersection point can be
taken as the knee temperature.

Table 5.2 indicates that for a given cathode, Tknee either steadily improved

(decreased) over time or stayed relatively constant. The multilayer coated cathode
displayed a significant improvement in Tknee after 1000 hours, while the 10W-150nm

coated and standard Semicon coated cathodes maintained fairly stable values of Tknee

from start to finish. The 5W-550nm coated cathode showed some improvement in

Tknee but not to the same extent as the multilayer coated cathode.
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Along with the significant improvement in Tknee for the multilayer coated

cathode, film texture transformed from a mixture of (0002), (10-11), and (10-10)

components, to a strong (10-11) texture. The transformation of the basal component

into other components cannot be the sole source of the improvements, since the 10W-

150nm film lost all of its basal component and yet retained a high Tknee. Therefore, it

is proposed that the creation of the (10-11) texture component is responsible for the

marked improvement in knee temperature. Other higher-index texture components
were evaluated from XRD scans of all samples, and it is noted that the multilayer

coated sample exhibited the lowest number and proportion of higher-index grain

orientations. The multilayer coated cathode had the highest proportion of (10-11)
grains, suggesting that the strength of this texture (or lack of other texture
components) contributed to the improvement in cathode performance.

To further evaluate cathode performance, the Richardson work function and

the effective work function were extracted from CSD test data. The modified

Richardson equation accounts for Schottky emission by replacing φ with (φ – Δφ),
which reflects the change in work function due to applied electric field and is

proportional to V1/2. Therefore, a plot of log(J) versus V1/2 at different temperatures

for each cathode was constructed, from which the zero-field current density could be

found through extrapolation. The zero-field current densities were then used to
construct Richardson plots of log(J/T2) versus 1/k∙T and the slope of the resultant

line taken as the Richardson work function. The effective work function simply
calculates the work function using equation (1) and data from temperature limited

emission. Here, the knee temperature and the associated emission current were used
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to calculate an effective work function. Table 5.3 summarizes the calculated work
functions of the cathodes coated with different Os-Ru microstructures and their
associated knee temperatures.

The multilayer cathode has a significantly lower Richardson work function

(1.16 eV at 1000 hours) than any of the other cathodes, while the 10W-150nm coated
cathode has the highest at 1.72 eV. The effective work function and Tknee correlate

well and therefore the correlation of film texture with Tknee also extends to work

function. The correlation appears to be significantly non-linear for the lowest work
function cathode. Richardson work function values are lower than expected. As seen
in Table 5.3, the effective work function values appear much more reasonable when

compared to typical reported values for dispenser cathodes. The Semicon M-type Os-

Ru coated cathodes have a reported work function of 1.8 eV. The Richardson work
function calculated here is significantly lower than the reported value and could be

due to errors inherent in the CSD test method, e.g., Ba re-supply and geometric non-

uniformities between the cathode and anode, which are exacerbated at high
temperatures. The effective work function calculated using the knee temperature

should represent some average of the work function distribution, since it uses a
Table 5.3

Comparison of knee temperature, calculated work function and
associated parameters for CSD test cathodes.

Cathode
Coating

Multilayer
Semicon
5W-550 nm
10W-150 nm

Tknee
[°CB]
934
940
952
965

Richardson
Work Function
[eV]
1.16
1.42
1.61
1.72
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AR
[A∙cm-2∙K-1]
0.054
1.382
5.321
13.473

Effective
Work Function
[eV]
1.90
1.90
1.93
1.95

temperature and emission current from the transition region between temperature
limited and space charge limited regimes. Therefore, if there were a strong bimodal
work function distribution, the transition regions in CSD test curves and the effective
work function calculated from these curves would better reflect this distribution. The

fact that the effective work functions correspond more closely with typical values
reported for M-type cathodes suggests that there are work function distributions

present. Nonetheless, the correlation of work function with (10-11) remains.

The correlation of the development of (10-11) texture with decreasing Tknee

and work function could be related to the nature of the (10-11) plane in the HCP

crystal structure. The difference in work function between crystal planes is usually

attributed to planar density. Crystallographic orientations with low planar densities
typically have low work functions. Orientations with higher planar densities will

typically possess higher work functions. The work functions of crystal planes for HCP
metals are not well characterized. However, available literature does show that the

work functions of different HCP crystal planes do indeed differ. In rhenium, for
example, the work function for the (0001), (10-10), and (10-11) planes are 5.59 eV,

5.37 eV, and 5.15 eV respectively [14]. The (10-11) plane has a relatively low planar

density (0.44 in Os-Ru), and therefore a comparatively low work function. The low

work function of the (10-11) plane could correlate with the low effective work
function of the multilayer coated cathode, since that coating has a strong (10-11)

texture. Furthermore, it could also explain why some of the cathodes steadily
decrease their Tknee, as microstructural changes are typically not instantaneous.
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The Semicon film and the 5W-550nm film had similar thicknesses and resulted

in fairly stable values of Tknee. Additionally, the 10W-150nm film had a similar

thickness to the multilayer film yet showed little change in Tknee. This indicates that
there may be some critical thickness or texture – or possibly a combination of both –
that does not allow for marked emission improvement over time. Li et al. found that

5W biased films were quite stable, but the reason for this stability could be due to a
combination of aspects such as texture and thickness, or film density [16].

Much of the available literature on work function cites values that were

obtained indirectly, using cathode emission test data. Directly measuring the work
function of a dispenser cathode would provide valuable insight into the nature of the
activated surface without the numerous sources of error associated with calculating

the effective work function from CSD tests. True work function measurement coupled
with CSD test data would allow for more complete evaluation of dispenser cathode
performance.
5.4

CSD Testing of Os-Ru Coatings with Optimized Texture

Based upon the results of the previous investigation, two additional Os-Ru

films with strong {10-11} and {10-10} as-deposited textures were developed for CSD

testing. The goal was to have film textures in the as-deposited state as close to the

final/annealed textures as possible. The idea was that this might eliminate the high
initial knee temperatures and allow for stable, low knee-temperature operation to be
achieved immediately.
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5.4.1 Sputtering Configuration
It is important to note that these films were deposited in a slightly different

configuration than that used by Li et al. Figure 5.5 depicts the deposition
configuration used here and in section 5.2. The deposition configuration used at UK

utilizes a “sputter-up” configuration. This means that the substrate is positioned

above the target material. Conversely, there is a “sputter-down” configuration where

the substrate is positioned below the target material. Ceradyne uses the sputter-down
configuration to deposit their films.

Theoretically speaking, there is no difference between the two configurations

in terms of the effect on the deposited film. There is a significant practical difference,
however, because in the sputter-up configuration, the substrate needs to be secured

to the substrate carrier so as not to fall off. Li only deposited on W pellets which were

able to be securely fixed to the substrate carrier using carbon tape (the type often

Figure 5.5

Deposition configuration used to deposit Os-Ru films on dispenser
cathodes used in the previous sections. The bridge is used to offset the
heater leads from the substrate carrier so as not to damage them.
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used in electron microscopy). However, depositing on dispenser cathodes presented
a challenge when trying to use the deposition system at UK.

The heater leads of the dispenser cathodes were fragile and could not be bent.

Additionally, the ceramic potting on the underside of the cathode needed to be
shielded from the Os-Ru vapor so as not to create an electrical short. Therefore, a

“bridge” was constructed out of Mo-Re with two parts. The first part had holes drilled

through it with a diameter that was just large enough for the W pellet portion of the
cathode assembly to fit through, allowing the cathode to “stand up”. The second part

also had holes drilled in it, vertically aligned with the holes from the first part. This
allowed the heater lead to stick through while the ceramic potting material was

shielded from the deposition vapor. The bridge stretched across the entire diameter
of the substrate carrier and had enough space to mount other samples, such as W
pellets.

The distinction between the configuration used by Li and the one used here is

important. The deposition parameters used by Li to control the microstructure could
not be completely replicated using the bridge. Using Li’s parameters resulted in
similar microstructure and texture, but not precisely the same. For instance, the 5W-

550nm film described by Li and the one in the previous section did not have exactly
the same amounts of each texture component. Li found that a 5W biased film

exhibited texture consisting of roughly 9% {10-10}, 16% {10-11}, and 75% {0002}.

The films deposited in this work using the bridge exhibited texture consisting of

roughly 17% {10-10}, 41% {10-11}, and 42% {0002}. Therefore, it was important to

ensure that the bridge was used during the deposition process when exploring what
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substrate bias parameters would yield a film with the highest level of {10-10} and
{10-11} texture components.

5.4.2 Texture Evolution with Substrate Bias Power
In order to determine the best deposition parameters to induce a non-basal

texture, Os-Ru films were deposited with increasing amounts of substrate bias and

then analyzed with XRD. Figure 5.6 shows the XRD scans with increasing bias power.
As the substrate bias power is increased, the {0002} texture component generally

decreases and the {10-10} and {10-11} components increase. At very high substrate

biases, the intensity is very weak because the films are actually thinner than for the
other substrate bias powers. This is because the increased bias power causes more

Figure 5.6

XRD scans of Os-Ru films with increasing levels of substrate bias.
Higher bias power results in less {0002} texture.
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re-sputtering of the film and results in a slower net deposition rate. While a 25W bias
would likely produce the strongest {10-11} texture, 15W was chosen because it was
not perfectly clear from the XRD scans that this was the case. Furthermore, the high
bias power resulted in a very slow deposition rate (~1-2 nm/min) and therefore
extremely long deposition times. This was important to consider because of a limited
amount of Os-Ru target material available.

5.4.3 CSD Testing of Prismatic/Pyramidal Textured Os-Ru Coatings
The two new film microstructures used for CSD testing are described in Table

5.4. A film with no detectable basal component (film 1) was used as well as a bilayer

film (film 2), which incorporated the base layer of the multilayer film used previously
and a top layer with a strong {10-11}/{10-10} texture. A Ceradyne Os-Ru coated

cathode (Semicon) was also used as a reference.

The cathodes were sent to eBeam, Inc. for CSD testing in the same manner as

described in section 5.2.2. The cathodes were tested for 500 hours and then returned

for further analysis. Figure 5.7 shows current versus temperature plots for the
cathodes just after activation (0 hour) and after 500 hours. Initially, the bilayer
Table 5.4
Film
1
2
3

Deposition parameters of Os-Ru films with optimized as-deposited
texture.
Layer
-

Bottom
Top

Semicon

Substrate Bias

Deposition Rate

Thickness

20
15

16.7
6.3

25
150

[W]
15
-

[nm/min]
6.3

10.7
73

[nm]
150
600

cathode showed remarkable performance with a knee temperature below 900°CB.

This sparked an effort to make four additional cathodes with a bilayer Os-Ru coating
in an attempt to reproduce the effect. However, it was later determined that there
was a malfunction with the experimental setup that caused the emission current to

appear much higher than it actually was. For this reason the bilayer results are not
shown in Figure 5.7. Nonetheless, the four bilayer cathodes were tested and will be

discussed in 5.4.4. The 15W-150nm film proved to be a stable emitter over 500 hours
with a knee temperature of 950°C. The Ceradyne cathode was also quite stable with
the knee temperature only moving from 975°CB to 970°CB.

Figure 5.7

CSD current versus temperature plot for the 15W-150nm and
Ceradyne cathodes. Both cathodes show very consistent performance
with the 15W-150nm film exhibiting a lower knee temperature.
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Figure 5.8

XRD scans of the bilayer and 15W-150nm films after CSD testing. The
films did not exhibit any basal texture.

Although the bilayer film CSD data was not accurate, it was beneficial to

examine the texture to determine if the texture was maintained after operation, as

was predicted. Figure 5.8 shows XRD scans of the bilayer and 15W-150nm Os-Ru
coated cathodes after CSD testing. Both films maintained the original texture

components after being subjected to operating conditions. Figure 5.9 shows the
texture components after CSD testing for the bilayer and 15W-150nm films. The films

were predominantly {10-10} textured in the as-deposited state. After high
temperature operation, some of the {10-10} texture transformed to {10-11} while the
{0002} remained suppressed. Interestingly, there was no significant change in the
emission behavior of either cathode, indicating that planes seem to be equally
favorable for electron emission.
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Figure 5.9

Texture components after CSD for the bilayer and 15W-150nm films.

5.4.4 CSD Testing of Bilayer Os-Ru Coated Cathodes

The initial results from 5.4.3 were compelling enough to attempt a more

rigorous study of the emission behavior of cathodes coated with the novel bilayer

coating. CSD testing of three of the same cathodes offered a chance to evaluate the

reproducibility of CSD data. Table 5.5 and Table 5.6 show the various work functions

and knee temperatures of the cathodes after 500 hours. The bilayer cathodes have
remarkably similar effective work functions over the course of the test, with each

cathode effective work function changing very little and all three having similar
values at a given time. The Ceradyne cathode showed a stable work function as well.
The important result pertaining to the bilayer cathode is that it showed stable

emission properties without much change going from activation to 500 hours. This is

in contrast with the cathodes tested in 5.2 where significant changes in emission
behavior were observed for some of the cathodes.
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Table 5.5
Cathode

Bilayer 1
Bilayer 2

Bilayer 3*
Ceradyne

Work functions and knee temperatures of the bilayer Os-Ru coated
cathodes and the Ceradyne cathode just after activation.
0 Hour

ΦR [eV]

AR [A/cm2]

Tknee [CB]

Iknee [mA]

Φeff [eV]

1.67

5.63

975

373

2.00

1.69
-

1.63

5.89
-

990
-

5.46

985

355
-

357

2.03
-

2.02

*This data was not recorded due to the same malfunction that caused erroneous data in 5.4.3.

An important finding from the tests described in this section is that CSD data

are difficult to interpret across different test vehicles. For instance, the Ceradyne

cathodes were coated and manufactured in the same fashion and there is little reason
to doubt that the films are significantly different from one another. Therefore, it is

unclear why the cathodes give significantly different results in CSD testing across
different test vehicles. Their behavior follows similar trends when viewed within a
single test vehicle, but when compared to data from essentially the same cathode in a

different test vehicle, the results are considerably different, for no obvious reason.
This is an important point to understand when comparing CSD data.
Table 5.6

Cathode

Bilayer 1
Bilayer 2
Bilayer 3

Ceradyne

Work functions and knee temperatures of the bilayer Os-Ru coated
cathodes and the Ceradyne cathode after 500 hours.
ΦR [eV]

AR [A/cm2]

1.67

5.80

1.57
1.57
1.69

4.99
4.87
6.32

500 Hour
Tknee [CB]

Iknee [mA]

Φeff [eV]

993

403

2.02

985
992

77

960

360
428
381

2.02
2.01
1.97

5.5

Summary and Conclusions
1000 hours of operation in a CSD test setup revealed that the microstructures

of Os-Ru films undergo significant changes. There is a marked increase in grain size

and a shift in texture that favors (10-10) and (10-11) texture components for films

with low knee-temperatures. There appears to be a correlation between Os-Ru film

texture and thermionic electron emission. It is proposed that formation of (10-11)

texture results in improved cathode performance. This seems to be consistent with

work done by Thornton et al who demonstrated that the surface crystallography of

W-Os alloys showed a preference for {10-10} planes oriented parallel to the surface

[77]. While values for effective work function calculated from the CSD data were
found to correlate with knee temperature, the magnitudes were lower than what
would normally be expected.

Additional CSD tests on cathodes coated with Os-Ru films possessing a high

degree of either {10-10} or {10-11} texture showed that emission was stable,

although the values of work function and knee temperature were not as low as what

was expected. It was found that CSD data varied considerably for the same cathode

(essentially) across different test vehicles for no obvious reason. This makes
evaluation of CSD data across test vehicles non-trivial.

Moving forward, direct measurement of work function could provide a more

reliable method of evaluating dispenser cathodes both between and across data sets.
The Kelvin Probe offers the ability to directly measure work function and without the

need for complicated and delicate instruments. Furthermore, direct work function

measurements at room temperature and elevated temperature could provide a more
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complete picture of electron emission from dispenser cathodes. The next chapter
describes the use of a Kelvin Probe to evaluate room temperature work function.
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Chapter 6:
Composition and Work Function Relationship in Os-Ru-W Ternary Alloys
Os-Ru thin films with varying concentrations of W were sputter deposited on

Mo-Re substrates in order to investigate their structure-property relationships. The

films were analyzed with XRD to investigate their crystal structures and with Kelvin

Probe to investigate their work functions. An Os-Ru-W film with ~30 at.% W yielded

a work function maximum of approximately 5.38 eV. These results align well with
other studies that found work function minimums from thermionic emission data on

M-type cathodes with varying amounts of W in the coatings. Furthermore, the results

are consistent with other work explaining energy-level alignment and charge transfer

of molecules on metal oxides; which may shed light on the mechanism behind the

“anomalous effect” first reported by Zalm et al. An important implication of this work
is the potential for the Kelvin Probe to be a valuable tool in evaluating the
effectiveness of dispenser cathode coatings.
6.1

Introduction

Os-Ru thin films are typically used as coatings for dispenser cathodes. A

dispenser cathode is an electron emitting device used to generate a stream of
electrons. Heating the dispenser cathode to a high enough temperature allows for

electrons within the cathode to gain enough energy to overcome the potential energy
barrier keeping them from the vacuum. A dispenser cathode usually consists of a

porous tungsten (W) pellet that contains a barium-calcium-aluminate (xBa-yCa-

z(Al2O3)) compound within the pores. Heating the cathode allows for Ba to traverse
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to and adsorb onto the surface. It is well known that the adsorption of Ba on the

surface allows for cathodes to emit electrons at a much lower temperature than, say,
bare W. However, at high temperature, Ba does not remain on the cathode surface
permanently and evaporates into the vacuum. Once the Ba is lost from the surface,

the temperature of the cathode must be raised significantly in order to maintain the

current density of emitted electrons. Therefore, it is important for Ba to be resupplied
to the surface and the material impregnated in the pores acts to do just that.

It was discovered by Zalm, et al that applying a coating of osmium (Os) to a

cathode resulted in thermionic emission at temperatures significantly lower than

uncoated cathodes [10]. Surprisingly, given the enhanced emission, the work function
of Os is not lower than that of W. In fact, the work function is significantly higher, with

reports of up to 5.7 eV as opposed to 4.6 eV for W [10, 24, 29]. Zalm coined this
phenomenon the “anomalous effect.” An osmium-ruthenium (Os-Ru) alloy coating

with performance comparable to Os coatings was eventually adopted to mitigate
safety concerns over working with pure Os. The Os-Ru coated, often termed M-type,

dispenser cathodes are well known throughout the dispenser cathode industry for
their marked improvement in electron emission over bare (B-type) dispenser

cathodes [10]. The ability to operate dispenser cathodes at lower temperatures
allows their lifetime to be extended due to lower Ba evaporation rates and a reduction

in the time to coating degradation that results from the interdiffusion of W and OsRu.

In order for a dispenser cathode to reach suitable current density levels, the

Ba from the impregnate material must first diffuse to and cover the surface. When Ba
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has covered the surface of the cathode, the cathode is said to be activated. The
activation process happens by heating the cathode to high temperatures (1250°C)

until a sufficient current can be drawn. Over the course of the activation process and

especially during operation, tungsten (W) from the substrate will diffuse into the Os-

Ru coating [13, 21, 23, 32]. The result is a ternary alloy of W, Os, and Ru that interacts

with Ba rather than just the Os-Ru coating. Some researchers have postulated that the

Os-Ru-W alloy, rather than simply the Os-Ru coating, is responsible for the notable

emission enhancement [23]. Additionally, many researchers have shown that if too

much W is incorporated the emission enhancement from the coating disappears [32].
Thomas and Gibson have studied the work function variation versus alloy

concentration for W-Ir and W-Re alloys [30]. They used current density

measurements to determine the work function of W-Ir and W-Re alloys as a function

of composition. They found that a work function minimum occurred near 40% W in

the W-Ir films deposited on standard B-type cathodes. For W-Re, a minimum occurred

near 50% W, but the cathode was a controlled porosity cathode and not a standard

B-type cathode. They were also able to extract similar data from the works of Brion
et al. and Shih et al. on W-Os alloys that agreed reasonably well with their data [19,
78].

In this work, thin films of Os-Ru-W with a range of compositions were

deposited to explore trends in work function and crystal structure with composition.
The roles of W, Os-Ru, and Ba on the superior emission characteristics of M-type

cathodes will be interpreted from the work function and crystallographic
information.
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6.2

Experiments
In order to create Os-Ru-W films with a range of W concentrations a DC

magnetron sputtering system (ATC Orion by AJA International Inc.) was used. The

sputtering system had a base pressure of less than 1x10-5 Pa (7.5x10-8 Torr). The films
were sputter deposited on a molybdenum-rhenium (Mo-Re) substrate laser-cut into

5mm x 10mm pieces as well as porous W pellets. The pieces of Mo-Re and the porous

W pellets were mounted linearly across a substrate carrier so that once transferred
into the DC magnetron sputtering system it could be aligned parallel and centered

between two targets, Os-Ru and W (or Ir and W). This configuration allowed for a
natural composition gradient to develop along the pieces during deposition, with one

end rich in Os-Ru (or Ir) and the other end rich in W. The composition range could

then be controlled by adjusting the voltage applied to the targets. The Os-Ru target
was composed of nominally 80 at.% Os and 20 at.% Ru while the W and Ir targets
were 99.99% pure. Before depositing the film the substrates were sputter cleaned
with argon (Ar) plasma using RF substrate biasing (252 V forward DC) for 90 seconds

at 3.33 Pa (25 mTorr). An Os-Ru rich gradient was prepared by sputtering Os-Ru at

393 V DC (110 W) and W at 316 V DC (50 W) with Ar ions for 6 minutes and 40

seconds at 2.5 mTorr. The film was nominally 100 nm thick. A W-rich gradient was
prepared by sputtering Os-Ru at 347V DC (34 W) and W at 354 V (162 W).

The composition gradient was determined using energy-dispersive x-ray

spectroscopy (EDS) and x-ray photoelectron spectroscopy (XPS). EDS was performed

in a Hitachi S-3200-N scanning electron microscope equipped with an EVeX-EDS

system. A Thermo Scientific K-Alpha XPS was used to determine the composition at
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the surface of the samples. After ion etching with Ar to remove surface contamination,

a 400 micrometer beam of monochromatic aluminum K-alpha x-rays were used to

irradiate the sample in the XPS system and perform depth profiling. The crystal

structure variation along the composition gradient was determined with x-ray
diffraction (XRD) in a θ-2θ configuration on a Siemens Krystalloflex Diffractometer.
Samples were scanned from 30° - 90° (2θ) in 0.01° steps at 1°/minute.

The work function variation along the composition gradient was determined

using a Kelvin Probe (KP Technology) which utilizes the contact potential difference

(CPD) between the sample and a vibrating head to determine the work function. The

contact potential difference arises as a result of the difference in work function
between the sample and tip. If the work function of the tip is well defined, equation

(10) and the measured contact potential difference can be used to calculate the work
function of the sample:

Φ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = Φ𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶

(10)

The Kelvin Probe used here was mounted in a UHV chamber evacuated to a pressure
of better than 6.67x10-6 Pa (5x10-8 Torr) and is shown in Figure 6.1.

The absolute work function of the tip was determined using photoemission and

a UV LED light source so that the measured CPD values could be used to determine
work functions according to equation (1). The CPD was measured at least 500 times

for each sample while under vacuum in order to obtain an accurate average and
standard deviation.
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Figure 6.1
UHV Kelvin Probe showing the tip and sample configuration. The probe
tip vibrates above the sample. The sample must be grounded with respect to the tip
and remain free of any vibration.
6.3

Results

6.3.1 Composition and Crystal Structure
The co-deposition of W and Os-Ru resulted in a gradient in composition

ranging from 8 to 95 at.% W as measured by XPS and detailed in Figure 6.2. The

gradient in composition with respect to distance appeared more sigmoidal than
linear. More importantly, however, is that the gradient was smooth with no
discontinuities. This is important so that large gaps in composition are avoided.

XRD scans for a select number of compositions are shown in Figure 6.3. The

interaction volume of x-rays used for XRD is on the order of 10 microns. Considering
that the films studied here are more than an order of magnitude thinner than the

interaction volume, diffraction from the substrate will be detected and the diffracted

intensity will be greater than that of the films. This was indeed the case as analysis of
the diffraction scans attributed 4 peaks to that of BCC Mo-Re.
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Figure 6.2

Concentration gradient of W-Os-Ru ternary alloy films deposited on
Mo-Re and porous W substrates. The composition for each sample was
determined using XPS and a few samples were measured with EDS
which gave similar compositions.

The first clue was the presence of 4 strong peaks occurring at the same angles

in all the samples. Using the lattice parameter for BCC Mo-Re (a = 3.12Å) showed that

the expected peak positions matched those detected in the scans. Furthermore,
calculation of the theoretical relative intensities of the peaks matched well with the

observed relative intensities of those peaks. This was especially important in order

to avoid attributing the smaller peak near 90° (2θ) to any of the films since the
intensities were the same order of magnitude. With the substrate peaks accounted
for, the remaining peaks were attributed to the films.

The Os-Ru target material was HCP with lattice parameters of a = 2.720 Å and

c = 4.301 Å yielding a c/a ratio of 1.581. For dilute concentrations of W, the alloy was
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Figure 6.3

XRD scans of W-Os-Ru ternary alloys showing the formation of a BCT
phase (green arrows at top) and the shifting of the HCP peaks with
increasing W concentration (red arrows).
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assumed to have an HCP crystal structure with lattice parameters near that of bulk

Os-Ru. The peaks from the W-Os-Ru film with 8 at.% W corresponded to the peak

pattern of an HCP crystal. Furthermore, the lattice parameters of a = 2.725 Å and c =

4.322 Å yielding a c/a ratio of 1.586 were very similar to that of bulk Os-Ru indicating
that the assumption of an HCP structure is valid. W has a larger atomic radius than

both Os and Ru and it should be expected that alloying with W would result in an
increase in unit cell volume, assuming a substitutional solid solution. This was

evidenced by a shift in the 2θ position in the XRD scans of the W-Os-Ru alloys. The

(0002) peak (indicated by red arrows when distinguishable from the substrate peak)

shifts to lower diffraction angles as the amount of W increases. The (10-11) peak

shifts in a similar manner while the (10-10) peak shifts only slightly. It is not
surprising that the (0002) and (10-11) peaks shift in a similar manner because the

(10-11) inter-planar spacing is related to the length of the c-axis. However, it is

somewhat surprising that there was very little shift in the (10-10) peak position –
indicating that the unit cell was expanding primarily along the c-axis.

The W-Os-Ru ternary alloys in this study have been assumed to be a

completely random, substitutional solid solution. If this were the case, it would be
expected that the c/a ratio would remain mostly constant with composition. Any

trend in the c/a ratio with W concentration could indicate some preferential ordering

of W in the W-Os-Ru HCP lattice. Figure 6.4 shows a, c, and the c/a ratio plotted

against W concentration. The a values remain relatively constant while the c values

(and therefore the c/a ratio) tend to increase with increasing W content. Therefore,

in the as-deposited state there is likely to be some W occupancy preference for the
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Figure 6.4

Comparison of the c and a lattice parameter variation with W
concentration. The c/a ratio variation is also shown plotted against the
left axis. The c lattice parameter is increases over 3.5 times more than
a lattice parameter, indicating that the unit cell is expanding primarily
in the c direction.

W-Os-Ru ternary alloy up to the point of a complete phase transformation into a body-

centered tetragonal (BCT) structure.

The BCT structure transformation occurs around 50-60 at.%W and agrees

well with the transformation seen in W-Os alloys. According to the W-Os phase

diagram, W-Os undergoes a phase transformation from HCP to a BCT σ-phase at 65

at.% W [47]. Since the system under investigation here was a ternary alloy of W-Os-

Ru, rather than a binary alloy of W-Os, it was unclear if a similar transformation

should occur. If we assumed a simple BCT crystal structure with a substitutional solid
solution of W, Os, and Ru atoms and the lattice parameters of the W-Os σ-phase
(a=9.66 Å, c=5.01 Å as reported by Green et al) the new peaks corresponded well to
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the (002) and (004) planes. It is therefore reasonable that the HCP W-Os-Ru ternary

alloy transformed to a BCT ternary alloy much like the W-Os system.

It is interesting to note that at compositions just before the BCT structure is

observed there appears to be a lack of diffraction from the film. It is unclear why this
happened but it may be possible that the film was either amorphous or had very poor

symmetry. In any case, it is clear that the crystal structure was undergoing a

transformation. Another interesting note is that after the transition to a BCT

structure, the intensity of the diffraction peaks from the film were significantly

greater than for the films with an HCP structure. This could be attributed to extremely

strong texture in the BCT film as only the (002) and the higher order (004) reflections

were observed.

6.3.2 Work Function
The work function variation with W concentration is shown in Figure 6.5. As

the W concentration increases to 30 at.% W the work function also increases to a

value of 5.38 eV. However, after 30 at.% W the work function generally decreases as
the W concentration increase to 95 at.% W. The composition where this peak in work
function is measured corresponds closely to the W concentration seen in M-type

cathodes during operation [13, 26, 39, 79, 80]. Furthermore, the notion that a high
work function coating will lead to enhanced electron emission from the cathode is
reinforced by this result.

Apart from the general decrease in work function after 30 at.% W, it is

important to take note of the significant decrease in work function after 50 at.% W.

The work function drops by approximately 350 meV in the W-rich region,
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Figure 6.5

Work function and composition relationship for W-Os-Ru ternary
alloys. The alloys are in the as-deposited state with no surface or
thermal treatment. The work function exhibits a peak near 30 at.% W
in W-Os-Ru and shows a sharper drop in work function at a
composition corresponding to the σ-phase. The dashed red line shows
the continuation of the slope of the second linear region of the 3 part
piecewise linear fit.

corresponding to a much larger work function change than that seen in the dilute W
region. The transformation to a BCT structure begins at 50 at.% W and is fully evident

at 63 at.% W. The start of this transformation corresponds well with the marked
decrease in work function. A significant change in crystal structure should result in a
change in work function and it appears that this is observed in the work function
trend in Figure 6.5.
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Work function measurements on W-Ir films of varying concentrations of W

revealed that there is also a peak in the work function, occurrs at slightly less than 40

at.% W. The peak is not as clear as it is for the W-Os-Ru alloys, but becomes clearer if

you consider the work functions of bulk, pure Ir and W. Figure 6.6 shows the work
function trend for the W-Ir alloy films along with those of pure Ir and W. The peak in

work function around 40 at.% W corresponds well with the work function minimum
reported by Thomas and Gibson [30]. They report a work function minimum for WIr alloy films on B-type cathodes occurs at approximately 40 at.% W. They also

showed that there was a work function minimum for W-Os alloys that occurs near 40

at.% W, similar to the composition that yielded a work function maximum in this
study [30].

Figure 6.6

Work function trend of W-Ir alloys with respect to W concentration.
There is a peak in the work function at approximately 40 at. %W. The
fit (red line) is of a two-part piecewise linear fit.
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6.4

Discussion
The fact that the work function minimums from emission tests correspond

closely with work function maximums from CPD measurement shows that a high
work function coating will result in a cathode with a low work function as observed

based on emission, to an extent. This obviously does not hold true for all coatings as

it has been shown by others that high work function coatings such as gold and
platinum do not produce low work function cathodes [29, 81].

The question is then, why does a high work function coating sometimes result

in a low work function cathode? Zalm claimed that the high work function coating

allowed for a higher density of ionized species to adsorb on the surface. Zalm’s model
however fails to account for Au and Pt, which have high work functions yet show

much poorer electron emission when coated on a B-type cathode than other platinum
group metals. Skinner et al. have proposed a model to explain the “anomalous effect”
reported by Zalm that differs from Zalm’s interpretation [10]. They show that the

differences between heats of formation for O2 and Ba on the coatings are a better

predictor of emission change than the work function of the coating alone [29]. Their

model also accounts for Au and Pt making it more convincing than Zalm’s. Looking
strictly at the cathode work function (i.e. not the work function of the coating but the

work function as observed during emission testing), Thomas and Gibson asserted

that there are both compositional and structural reasons for their observed work
function minimums. They claim that composition influences the direction of the

charge transfer between the adsorbed Ba/O and the coating. They also suggest that
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the surface configuration of the alloys they studied could explain why some
minimums occur at slightly different concentrations of W.

From the results of this study, it is unclear why the W-Os-Ru ternary alloy

system would have a maximum in work function at 30 at.% W. No phase change was

detected until the σ-phase transformation, which corresponded to a change in the

work function trend. However, there was no sharp change in lattice parameters

within the HCP phase where the work function maximum occurred, ruling out atomic
configuration alone as a cause for the work function maximum. It is possible that the

complex nature of the bonding between W, Os, and Ru could explain the work

function maximum by considering modifications to the molecular orbitals and Fermi
level. 30 at.% W might represent the optimum modification of the oxidation state of

the alloy that results in the lowest Fermi level, and therefore the highest work

function. Modification to the electronic structure of the alloy may be the most
reasonable interpretation of results, although somewhat speculative, in view of the
following discussion.

Greiner et al. have described energy-level alignment in transition metal oxides

that may shed light on why a high work function coating leads to enhanced electron
emission [82]. They show that the charge transfer between an adsorbed species and

the metal oxide is most efficient when the work function of the substrate (metal

oxide) is greater than the ionization energy of the adsorbed species. If we take the
accepted model for the vertical arrangement of the adsorbed layer (i.e. Ba on O on
substrate), then the oxidized substrate work function should be greater than the

ionization energy of Ba for the greatest charge transfer to the substrate. As is well
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known, charge transfer from Ba to O or the substrate results in an electric dipole that
allows for a lowering of the potential energy barrier to thermionic emission. If we
take the first ionization energy of Ba to be approximately 5.2 eV, and assuming the

theory described by Greiner et al. is valid, then it follows that for the greatest charge
transfer the substrate should have a work function of 5.2 eV or greater.

According to the experimental results shown in this study, the work function of

W-Os-Ru is close to 5.2 eV at low W concentrations, increases to almost 5.4 eV and

then decreases to 5.2 eV at a concentration of approximately 60 at.% W. Therefore,

W-Os-Ru alloys at concentrations less than 60 at.% W should allow for efficient

charge transfer from Ba yielding an enhanced electric dipole and thus, enhanced

thermionic emission. Furthermore, the greatest charge transfer should occur at

approximately 30 at.% W where the highest work function is observed for the coating.

At 60 at.% W, W-Os-Ru was observed to transform into the σ-phase and a

corresponding increased rate of decline in work function with W concentration was

also observed. This line of reasoning only makes sense if the measured work
functions were of the oxidized alloys, or at least contained an adsorbed layer of

oxygen. The alloys were expected to contain at least a surface oxide layer because
they were exposed to atmospheric conditions between deposition and measurement

of the work function. This was confirmed by XPS, which showed that all of the alloys
contained an oxide layer as seen in Figure 6.7. However, the oxide was only detectable

on the W, and not on the Os or Ru. There was no peak shifting for the Os or Ru peaks

to indicate a change in the oxidation state. This is consistent with XPS on alloy coated

cathodes where it was found that exposure to air resulted in oxygen reacting
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Figure 6.7

XPS spectrum of W-Os-Ru (51 at.% W) in the as-deposited state
showing that the alloy does have an oxide layer at the surface. All the
peaks of the major species are labeled. All other peaks can be attributed
to core levels of either W, Os, or Ru. The other alloy compositions
showed similar spectra.

exclusively with W and not Os or Ru [83]. For M-type cathodes, it was shown by Chen
et al. that the Ba rather than BaO was the critical component of the cathode surface

and Lampert et al showed predominantly metallic Ba on the surface of activated Mtype cathodes [84, 85].

These results mesh well with Greiner et al.’s theory when coupled with

experimental thermionic emission data from Thomas and Gibson. The work function
96

minimums at about 40 at.% W for W-Os and W-Ir can be attributed to the work

function maximums for the respective alloy coatings, which allow for the greatest Ba
charge transfer to the substrate. Furthermore, the observed decline in electron
emission after the formation of the σ-phase can be explained by a reduction in the

alloy coating work function (as a result of the phase transformation) below 5.2 eV,

the ionization energy of Ba. Coatings with work functions below 5.2 eV would not
allow for efficient charge transfer from the Ba to substrate resulting in a weakening

of the electric dipole and a decrease in thermionic emission. Applying Greiner et al.’s

theory to dispenser cathodes is compelling in that it accounts for improved electron
emission from a high work function coating as well as the outliers of Au and Pt;
because Au and Pt do not readily form oxides.
6.5

Summary and Conclusions

W-Os-Ru ternary alloy films were sputter deposited with a gradient in W

concentration and their crystal structure and work function were characterized. The
goal was to explore relationships between film microstructure, work function, and

thermionic emission. It was shown that the work functions of W-Os-Ru alloys

decrease from ~5.4 eV as the W concentration departs from 30 at.% W (i.e. there is a
maximum at 30 at.%). Additionally, the rate of decrease with W concentration

accelerates above 60 at.% W, which corresponds to a transformation from an HCP to
BCT σ-phase. The work function maximum at 30 at.% W for as-deposited W-Os-Ru

corresponds well with a work function minimum (as calculated from thermionic

emission data) seen for dispenser cathodes with a coating of 40 at.% W-60 at.% Os

alloy. Similarly, as-deposited W-Ir films showed a work function maximum near 40
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at.% W, which corresponds to the work function minimum seen for dispenser

cathodes coated with a 40 at.% W-60 at.% Ir alloy film.

These results are all understandable when viewed in light of the work on

energy-level alignment of molecules on metal oxides by Greiner et al. Accordingly, as

the work function of the substrate increases beyond the ionization energy of the
adsorbed material the resultant charge transfer from the adsorbent to the substrate

becomes more efficient. If the first ionization level of Ba is taken to be 5.2 eV, it is not

surprising that a cathode coated with an alloy film having a maximum work function
of ~5.4 eV in the as-deposited state would yield the lowest work function cathode. It

is also not surprising that thermionic emission drops off after the formation of the σphase in the coating as it has a work function below 5.2 eV.

Interestingly, the implication from this study is that a W-Ir alloy coated

cathode should yield a lower work function than a W-Os-Ru alloy coated cathode as

the W-Ir alloy work function maximum (~5.45 eV) is higher than that for W-Os-Ru

(~5.38 eV). Disagreement over which coating, Ir or Os-Ru, is better for electron

emission could simply stem from the composition of the alloy coating when the
emission data was collected. Additionally, the Kelvin Probe may prove to be a valuable

technique to evaluate dispenser cathode coatings without the need for high
temperature CSD experiments. However, high temperature WF measurement would
still be desirable.
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Chapter 7:
In-Vacuo Work Function Measurement of Dispenser Cathodes
This chapter describes a novel experimental technique that allows for direct

work function measurement of cathodes at elevated temperature. Dispenser

cathodes were activated in a vacuum chamber and the absolute work function
determined from the contact potential difference between the cathode and a precisely
calibrated probe tip. The experimental test setup allowed for cathodes to be activated

and the work function measured without breaking vacuum. B-type, M-type, and

Scandate cathodes were activated and their work function tracked during the initial

heating stage and during cooling after activation. The work function of the B-type

cathode was measured around 750°C after activation and it showed a very low work
function of about 1.1 eV. All cathode types showed a smooth increase in work function

as the cathode cooled, but the B-type had a lower room temperature work function

than either the M-type or Scandate cathodes. It is suggested that the residual gas in

the chamber was the main cause for the rise in work function during cooling.
7.1

Introduction

The thermionic emission of electrons occurs when electrons gain enough

energy to overcome the potential barrier between the Fermi level and vacuum (the
work function). As such, a critical aspect of dispenser cathode operation is the work
function. Measuring the work function of a cathode at high temperature while in

vacuum can be a difficult task. Historically, the work function of dispenser cathodes

is predominately determined from closely-spaced diode tests where emission current
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is measured at various temperatures and applied voltages. The work function is then

extracted from the data by generating Schottky and Richardson plots [21]. This
method is subject to multiple sources of error including those inherent to the testing
setup, which are difficult to quantify [86]. With CSD tests, there is always the

possibility of Ba resupply to the cathode surface which could result in erroneous or

misleading data. Because the work function is a key design parameter for cathode

operation, being able to accurately and precisely measure the work function is
essential. In addition to some of the uncertainty in the data, CSD tests are time
consuming and costly to carry out.

Khairnar et al developed an alternative method for measuring cathode work

functions [87]. They made use of the retarding field method where an electron gun

was used to generate electrons that were directed at a target. The current collected

by the target was recorded as a function of the retarding field applied to the target.
When the retarding field is just smaller than the work function of the target, the target
will begin to collect current. However, their apparatus was not able to heat the target
material and was limited to room temperature measurements.

One method to directly measure the work function of a surface is to use a

Kelvin probe. A Kelvin probe measures the contact potential difference between a

surface and a vibrating tip. The contact potential difference is related to the difference

in work function between the vibrating tip and the surface being investigated. If the
work function of the vibrating tip is well known, the work function of the surface

being investigated can easily be determined [45, 88]. The Kelvin Probe is actually an

indirect method in the sense that it measures the work function in reference to
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another material. However, it is a direct method in the sense that no data
manipulation or curve fitting is required to obtain the work function.

Here, a Kelvin probe is used to measure the work function of dispenser

cathodes under ultra-high vacuum conditions. The unique configuration allows for
cathodes to be heated, activated, and the work function measured, all without

exposing the cathode to atmospheric conditions. Using this setup, the work function
of an M-type cathode, a Scandate cathode, and a B-type cathode were measured.

7.2

Experimental Details

Commercially available, uncoated (B-type) dispenser cathodes manufactured

by Ceradyne, Inc., A 3M Company (hereafter referred to as Ceradyne) were coated

with an Os-Ru alloy by DC magnetron sputtering. A 10W-150nm film, as described in

Chapter 5, was deposited. The 10W-150nm Os-Ru coating was chosen for its

similarity in microstructure to the commercial Ceradyne coating, which was also

characterized. Also studied was a commercial Scandate cathode from Ceradyne. The

Scandate cathode was manufactured with Scandia nanoparticles dispersed in W
powder. Scandia accounted for approximately 3% by weight of the porous matrix.

The cathodes were fixed to a specially designed body that allowed for the

heater leads to be electrically isolated from the cathode body. Figure 7.1 shows an

image of a cathode and a CAD drawing of the cathode as it would be mounted on the
analysis stage. The special design allowed for the cathode to be mounted on a stub

and inserted into the Kelvin Probe analysis chamber. The Kelvin Probe requires that

the sample be grounded and the cathode requires the heater leads to be electrically

isolated. The design shown in Figure 7.1 met both of those requirements and
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Figure 7.1
Specially mounted dispenser cathode detailing the heater leads which
are electrically isolated by ceramic tubing. The ceramic tubing is capped with Mo to
provide the electrical contact to the leads connected to the external power supply.

overcame one of the most challenging barriers to in-vacuo work function
measurement by CPD during heating.

The cathodes were loaded into a vacuum chamber evacuated to a pressure

better than 5.0x10-8 Torr, as measured by a residual gas analyzer. The heater leads of

the cathode were connected to a DC power supply via spring steel clips that clipped

onto the Mo caps of the ceramic tubing. The clips connected to copper wires of a

vacuum feed-through where the external connection to the power supply was made.
Figure 7.2 shows an overview of the entire experimental apparatus.
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Figure 7.2

Experimental setup for in-vacuo work function measurement of activated dispenser cathodes.
103

Once loaded into the vacuum chamber, the room temperature work function

was measured with the Kelvin Probe. The Kelvin Probe was lowered near the sample
surface until a gradient of 300 in the peak to peak voltage signal was detected. The
gradient serves mainly to set the distance between the probe tip and the sample, but

also ensures an adequate signal is achieved with minimal noise. Any changes in work
function detected by the Kelvin Probe as a result of changing the gradient are

negligible and the result of increased signal noise, not an actual change in the

measured value. The work function was measured 500 times before heating in order

to generate a reliable statistical mean value of the work function in the as-deposited

state.

The work function was tracked as the cathode was heated to its activation

temperature. The temperature was monitored with an optical pyrometer with an

emissivity correction factor of 0.46. The current supplied to the heater was increased
incrementally by 0.1A every 5 minutes. Controlled ramping of the current was
necessary to avoid damaging the cathode components by thermal shock.

In order to avoid damage to the probe and deposition of Ba on the probe tip

during activation, the work function was only tracked at temperatures below
approximately 750°C. Current-voltage settings could accurately reproduce

brightness temperatures and a current of 0.7A corresponded to a brightness
temperature just below the detection limit of the pyrometer, 700°CB or approximately

750°C. Before increasing the current to the heater above 0.7A the Kelvin Probe was
retracted and a protective shutter was moved between the cathode and the tip to
avoid depositing Ba on the tip.
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The current was then raised by 0.05A every 5 minutes until a temperature of

1025°CB was reached. The cathode was held at 1025°CB for20 minutes. There are

currently no other means of verifying the temperature so there may be significant
error in the true temperature measurement. The brightness temperature

necessitates that the sample be the only source of light detected by the optical

pyrometer, as additional brightness of the sample from its surroundings results in an
overestimation of the temperature. In practice, this is difficult to avoid, but care was
taken to eliminate as much external light as possible.

After activating the cathode, the current was to be lowered to 0.7A and the

work function measured as the cathode cooled. However, difficulty was encountered

when lowering the current back to 0.7A. Decreasing the current would inexplicably
result in a loss of electrical continuity between the heater leads and the power supply.

When this happened, the Kelvin Probe was re-positioned above the cathode as

quickly as possible to begin measuring the work function as the cathode cooled
naturally. On only one occasion was the current lowered to 0.7A without losing
continuity.
7.3

Results and Discussion
The work functions of the as-deposited or as-received and activated cathodes

are given in Table 7.1. The work function of bare, porous tungsten after heating at
elevated temperature is consistent with the accepted work function value of 4.55 eV

as measured by CPD [73]. Both the Ceradyne and 10W-150nm Os-Ru coated cathodes
showed much higher work functions than the Scandate and B-type cathodes. It was

expected that the Os-Ru coated cathodes would have high work functions and it is not
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Table 7.1

As-received and post activation/heating work functions for dispenser
cathodes.

Cathode

As-Received

Ceradyne Os-Ru

5132 ± 7

Scandate

4591 ± 8

10W-150 nm Os-Ru
W (No Impregnate)
B-type

†Room

temperature work function

5047 ± 8
4696 ± 5
4492 ± 5

Φ [meV]

Post Activation/Heating†
4060 ± 5
4262 ± 6
4487 ± 4
4248 ± 7
3939 ± 5

ΔΦ
[meV]
1072
785
209
343
553

too surprising that the Scandate cathode had a work function near that of W and the

B-type cathode. The Scandate cathode only contained approximately 3 wt.% Sc2O3
(~4 at.%) and it is not unreasonable that the work function in the as-deposited state

would not be significantly different than that of W. In fact, CPD measurements of a

dilute W-Sc alloy (~3 at.% Sc fabricated in the same fashion as the ternary alloys in
Chapter 6) showed that the work function was 4.63 eV, which agrees well with that
seen in Table 7.1.

During the initial temperature ramp, the cathodes underwent a cleaning stage.

Figure 7.4 shows the work function during the initial ramp to 0.7A plotted with the

corresponding residual gas levels. With each ramp in current, there was a spike in
pressure. Of particular interest are the partial pressures of water and N2 + CO. Water

and CO have been shown to be particularly harmful to cathode operation [89-91]. The

RGA data suggests that both water and CO are being removed from the surface of the
cathode and this is reflected by changes in the work function. Although the

correspondence is not quite 1:1 (even with accounting for a possible lag in response),

there does appear to be a correlation between desorption of water, N2 and CO, and
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the measured work function. Further evidence of this comes after the last spike in
water pressure. At this point, essentially all the adsorbed water has been removed

and the temperature is likely high enough to prevent adsorption from the remaining
water vapor in the chamber. The work function steadily decreases until the water

vapor pressure levels off around 1 × 10−9 Torr, The work function then begins to

decrease more rapidly. It is assumed that the decrease in work function is due to Ba
beginning to arrive at the surface. Interestingly, throughout the heating period, the O2

pressure remains fairly constant and is hardly discernable from the background
noise.

Figure 7.3
Work function of the B-type cathode during the initial heating stage
shown with residual gas partial pressures of H2O, N2 and CO, and O2. The dashed lines
are to help delineate when the temperature was increased via an increase in power
to the heater.
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The post activation work functions were higher than what were expected. It

was thought that by activating the cathodes and then cooling them to room
temperature in-vacuo that the low work function surface of the activated cathode

could be preserved. The most likely reason that the measured values are much higher

than those reported from thermionic emission is residual gas poisoning. While the
vacuum level was sufficient for thermionic dispenser cathode operation, there were

still appreciable levels of H2, N2, H2O, O2, and CO as measured by the RGA [92]. Figure

7.4 shows a plot of the partial pressures of the major residual gas species over the

course of a heat-cool cycle for the B-type cathode. The time for a monolayer of gas to

adsorb on a surface in vacuum depends chiefly on the partial pressure of that gas in
the vacuum. For order of magnitude considerations, the time it takes for air to form a
monolayer on a fresh surface in vacuum is approximately given by [93]:
𝑡𝑡 ≈

2.7 × 10−6
𝑝𝑝

(11)

Where t is time in seconds and p is the partial pressure expressed in torr.

According to equation (11), air at a partial pressure of 1 × 10−8 Torr will take only

4.5 minutes to adsorb into a monolayer on a clean surface. The total pressure in the

chamber during the cooling period was between 2 × 10−7 and 4 × 10−8 Torr. At those

pressures, it would be expected that the adsorption of background gases would occur
on the order of minutes. The Scandate cathode showed a lower post-activation work

function than as-received work function, as expected. However, the magnitude was

still much higher than what was expected. This could be attributed to contamination
from residual gas adsorbtion. Considering the gases from Figure 7.4, the higher than
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expected work function could be the result of poisoning. Water and O2 are well known
to be poisonous to cathodes during operation [89-91].

The room temperature, post activation work functions were all significantly

higher than what was expected from an activated work function. At the most, work

functions around 2.0 to 2.5 eV were expected based on thermionic work functions [9,

19, 21, 23, 39, 94]. However, it was found that during the cooling period from high
temperature, the work functions rapidly increased. Figure 7.5 shows the evolution of
the work functions of the various cathodes during their cooling periods. The B-type

Figure 7.4

Partial pressures of residual gas in the vacuum chamber over the
course of a heat-cool cycle for the B-type cathode. The majority of the
partial pressure is H2, but there are significant amounts of water vapor
and air.
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Figure 7.5

Work function change over time during cooling after activation. An
important distinction is that the B-type cathode measurement began
while the cathode was still hot. The others started after the cathodes
began to cool.

cathode showed a dramatic increase in work function over time as did the 10W-

150nm Os-Ru M-type cathode and the Scandate cathode. It is difficult to interpret

what exactly is causing the work functions to increase. One plausible explanation is

that the observed work function increase is due to the adsorption of electronegative
species on the surface as the cathode cools. The adsorption of such species would

cause the work function to increase as more species adsorb over time until the surface

becomes saturated. This is reasonable considering there was still H2O and O2 in the

chamber. The work function cooling curves also exhibit the familiar shape for gas
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adsorption on a solid surface described by the Langmuir equation [95]. The curves

actually fit nicely to a modified Hill equation, which is related to the Langmuir
equation.

While it appears that the rises in work functions are due to gas adsorption, or

poisoning, there are other considerations that must be noted. Most notably, the

cathodes did not all experience exactly the same heating and cooling conditions. The

electrical connection between the cathode and stainless steel clips was evidently not
designed well enough to ensure continuity throughout the heating and cooling cycles.

As a result, some of the electrical connections were unpredictably severed part way
through the hold at elevated temperature. The consequence was a lack of control over

the cooling sequence; including the time at which the work function measurement
began. This was compounded by the inability to measure temperature below the

range of the optical pyrometer, providing more uncertainty. Another important
consideration is the effect of the temperature of the cathode on the Kelvin Probe tip.

Heating of the Kelvin Probe tip could change the work function of the tip (e.g. via gas

adsorption/desorption) and therefore the measured work function would nbe prone

to error. Heating the tip could also result in the development of thermoelectric
voltage buildup in the Kelvin Probe circuit causing the signal to drift. However, this

seems unlikely given the vacuum conditions and the relatively small voltages that the
thermoelectric effect would generate.

The much lower work functions of the cathodes seen during the initial cooling

period indicated that the cathodes had activated. The presence of Ba at the surface

would be further evidence of activation, although drawing a current at temperature
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would be the most convincing. However, the current configuration does not allow for

any verification that the cathode surface has been activated via thermionic emission.
XPS of the activated cathode revealed that Ba was present at the surface, indicating
that, at least to some degree, the cathode was activated. Depth profiling of the
Ceradyne Os-Ru coated cathode revealed that there was approximately 35 at.%W at

the surface, which is typical for activated cathodes. Figure 7.6 shows the XPS depth

profile where Ba can be seen at the surface and 25 – 35at.% W is seen through the

thickness of the film. Figure 7.7 shows a depth profile of the Scandate cathode. Both

cathodes showed approximately 10 at.% Ba at the surface, but there was much more
oxygen content on the surface of the Scandate cathode than the Os-Ru coated cathode.

Furthermore, the oxygen content drops off much more slowly in the Scandate cathode
than it does for the Os-Ru coated cathode.

Figure 7.6

XPS depth profile of the Ceradyne Os-Ru coated cathode after activation
in UHV and cooling to room temperature.
112

Figure 7.7
7.4

XPS depth profile of the Scandate cathode after activation and cooling
to room temperature in UHV.

Summary and Conclusions

The absolute work functions of activated dispenser cathodes were determined

from contact potential difference using a Kelvin Probe and a unique experimental
apparatus. The work function was measured directly under UHV conditions and

without breaking vacuum between activation and measurement. The experimental
setup allows for the investigation of cathode work function under simulated
operating conditions, in a relatively short time compared to CSD testing. It was

demonstrated that work functions approaching those measured by thermionic
emission could be achieved. A few challenges still need to be overcome for high

temperature work function measurement using the Kelvin Probe. First, the electrical
contact mechanism between the cathode and the electrical leads needs to be
improved. Without a reliable connection, experiments become unpredictable. Second,

a means to draw a current from the cathode while it is at temperature would provide
113

a better method of determining the state of the activation process, ensuring that a
truly activated cathode work function is being measured. This could possibly be
addressed by using the Kelvin Probe in photoemission mode. This is the same mode

used to determine the work function of the tip and could be used to detect thermionic
emission. Lastly, a reliable means of measuring temperature below the range of the

optical pyrometer is necessary to accurately track the work function versus
temperature during heating and cooling. It is suggested that an infrared measurement
system would be sufficient to overcome the last challenge.
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Chapter 8:
Concluding Remarks and Future Work
The work described here focused mainly on the study of Os-Ru thin film

microstructure and work function as it relates to thermionic emission. Significant

findings were made related to the morphology, fabrication, and composition of Os-Ru

thin films. Furthermore, significant steps were made toward establishing a direct
work function measurement system capable of measuring work function at elevated
temperatures.
8.1

1.

Conclusions
From this work the following was established:

A new film morphology consisting of nanoscale pores and ligaments of Os-Ru

was discovered that has potential for improving electron emission. Thin film
nanoporous Os-Ru can be fabricated using a Mg precursor alloy that is easily
dealloyed in HCl and water. The concept of thermal dealloying was also

2.

3.

established, although a nanoporous structure could not be achieved.

It was demonstrated that thermionic emission performance in CSD tests

could be correlated with a transformation to a pyramidal {10-11} texture in
the Os-Ru coating.

Novel Os-Ru coatings with layered properties were developed that showed
potential for engineered film microstructures as a viable route to improving
electron emission properties of dispenser cathodes. A low work function
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multilayer Os-Ru coating was developed which performed comparably to
4.

5.

commercial coatings.

Os-Ru-W ternary alloys of various W concentrations were produced and it

was revealed that the ternary alloy system has a maximum work function at
a composition near 30 at.% W.

A high work function coating on W that results in a low work function cathode
can be explained by the relationship between charge transfer from adsorbed

Ba and the IEBa-Φsubstrate difference. A substrate with a work function greater

than the ionization energy of Ba (5.2 eV) will result in a greater transfer of
6.

charge and therefore a stronger electric dipole at the surface.
The

degradation of emission upon formation of the σ-phase can also be

explained using the principle of charge transfer and ionization energy of

adsorbed Ba. The formation of the σ-phase near 60 at. % W induces a
decrease in work function below the ionization energy of Ba and diminishes

7.

the work function enhancement of the coating.

A novel experimental system was developed capable of measuring the work

function of activated cathodes in-vacuo. Cathodes can be heated to operating

temperatures and their work functions measured by CPD without exposure
to the atmosphere. High temperature work function measurement was
demonstrated, recording work function values similar to those calculated
from thermionic emission data.
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8.2

Future Work
The key findings of this work should prompt further research on engineered

Os-Ru microstructures. Incorporation of nanoporous Os-Ru in a coating could be a

simple means to effectively increase current density for a given cathode geometry.
The surface area of a nanoporous film would greatly exceed that of a dense film and

allow for electron emission from a larger area. Furthermore, the highly curved
features of the film might enhance the local electric field and lower the barrier to

electron emission, enabling a given current density to be achieved at a lower

temperature. Additionally, the fabrication of nanoporous Os-Ru by thermal

dealloying should be further developed. This method poses the greatest potential for
realistically incorporating a nanoporous coating on a dispenser cathode.

The results from chapter Chapter 6: have implications for optimization of the

adsorbate-substrate materials. Carefully selecting a substrate/adsorbate system
where the substrate has a work function that closely aligns with or exceeds the

ionization energy of an electropositive adsorbate could lead to an entirely new class

of dispenser cathode materials.

The use of the UHV Kelvin Probe for in-vacuo and moving towards in-situ work

function measurements will be an important tool for understanding thermionic
emission. It is recommended that for future work, a full range temperature

measurement system be employed to allow for more accurate temperature
measurement at any point during heating and cooling.
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